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SUMMARY 


Introduction 

The  objective  of  this  investigation  was  to  develop  an  evaluation 
procedure  applicable  to  existing  NFSS-type  structures  and  private  homes 
for  determining  the  blast  protection  afforded  and  the  cost  of  structure 
modifications  to  improve  the  blast  protection.  The  approach  adopted  was 
to  formulate  a  procedure  that  would  permit  examining  the  response  of  a 
structure  over  a  range  of  incident  overpressure  levels  to  determine  the 
pressure  at  which  failure  of  the  various  elements  occurs.  The  procedure 
consists  of  (l)  a  method  for  determining  the  air  blast  loading  on  the 
structure  and  structural  elements,  (2)  a  method  for  determining  the  dynamic 
structural  response,  and  (3)  a  method  for  establishing  the  failure  cri¬ 
terion  for  each  structural  member  of  interest. 

Background 

Past  efforts  in  this  program  have  been  concerned  with  examining 
exterior  walls,  window  ^lass,  and  steel  frame  connections.  The  work 
presented  in  this  report  extended  the  exterior  wall  response  models  pre¬ 
viously  developed  to  include  exterior  walls  with  two-way  structural 
action  and  window  openings . 

Discussion 

Approach 

The  procedure  adopted  in  this  study  was  to  establish  the  resistance 
function  for  each  wall  element  of  interest  by  considering  the  approximate 
response  mode  and  by  assuming  that  the  wall  was  subjected  to  a  uniformly 
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distributed  static  load.  The  member  -vac  then  transformed  into  an  equiv¬ 
alent  single-c'egree-of- freedom  dynamic  system  by  the  use  of  transforma¬ 
tion  factors  for  the  load,  resistance,  end  mass.  The  equation  of  motion 
was  solved  on  a  computer  using  numerical  integration  procedures.  Rela¬ 
tively  simplified  analytical  models  have  been  used  for  wall  element 
analysis  to  prevent  the  overall  evaluation  procedure  for  a  structure 
from  becoming  unwieldly  as  a  result  of  excessive  computational  effort. 

The  effort  in  this  phase  of  the  work  was  directed  primarily  toward 
the  further  development  and  modifidatic.n  of  the  evaluation  procedure 
previously  developed.  Resistance  functions  have  been  formulated  that 
include  two-way  structural  action  and  window  openings  in  three  types  of 
exterior  walls,  i.e.,  unreinforced  concrete  or  masonry  unit  walls  with¬ 
out  arching,  unreinforced  concrete  or  masonry  unit  walls  with  arching, 
and  reinforced  concrete  walls.  In  addition,  the  load  functions  used  in 
the  initial  study  have  been  extended  to  include  the  exterior  loading  on 
the  wall  of  a  building  with  windows  and  the  interior  room  pressure  build¬ 
up  caused  by  an  air  blast  entering  the  building. 

A  primary  difference  between  the  current  and  the  previous  effort 
has  been  the  introduction  of  a  probability  distribution  in  the  analysis 
of  wall  elements.  Although  the  intention  since  the  inception  of  this 
program  has  been  to  carry  along  certain  statistical  yardsticks  in  the 
analysis  of  each  building  element,  it  became  apparent  during  this  phase 
that  a  combined  deterministic  and  probabilistic  approach  would  foe  needed 
for  the  realistic  evaluation  of  existing  structures  subjected  to  nuclear 
air  blast. 

Findings 

In  the  development  of  any  analytical  procedure,  an  important  consid¬ 
eration  is  the  comparison  of  the  analytical  predictions  with  experimental 
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information.  Although  the  available  test  data  for  dynamically  loaded 
walls  are  not  extensive,  it  was  possible  during  this  program  to  compare 
analytical  predictions  with  experimental  data  obtained  from  a  wall  tested 
in  a  laboratory  shock  tunnel  and  with  test  walls  and  houses  included  in 
nuclear  field  tests.  A  brief  summary  of  this  correlation  follows. 

Laboratory  Wall  Test.  The  dynamic  response  data  from  a  test  of  a 
12-in.  thick,  8-ft  high  by  12-ft  wide,  brick  wall  were  obtained  from 
URS  Research  Company  for  comparison  with  the  theoretically  predicted 
response.  The  most  useful  test  information  was  the  velocity-time  data 
measured  at  the  horizontal  centerline  of  the  wail.  The  experimental 
and  theoretical  velocity-time  data  are  reproduced  on  Figure  S-l,  to¬ 
gether  with  the  pertinent  wall  and  load  parameters.  During  the  early 
times,  e.g.,  at  20  msec,  there  is  a  difference  of  about  100  percent  be¬ 
tween  the  experimental  and  predicted  velocity.  However,  at  90  msec, 
the  predicted  velocity  is  only  about  15  percent  higher  than  the  measured. 
Possible  reasons  for  the  rather  large  difference  during  the  early  times 
are  discussed  in  the  report. 

Field  Test  Wall  Panels.  The  most  comprehensive  data  available  for 
correlation  with  the  analytical  prediction  method  developed  in  this  study, 
were  the  results  from  wall  panels  included  in  nuclear  field  tests.  The 
wall  panels  were  located  in  test  struetv.res  that  resembled  long,  low, 
narrow  buildings  and  that  were  constructed  to  permit  failure  of  individual 
test  wall  panels  without  interference  with  adjacent  panels. 

The  test  results  for  eight  types  of  concrete  block  or  brick  masonry 
walls  with  arching  were  used  for  comparison  with  the  analytical  prediction 
of  the  probability  of  occurrence  of  the  incipient  collapse  overpressure. 

A  summary  of  the  results  of  the  analyses  of  the  eight  walls  is  given  in 
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WALL  PARAMETERS 


LOAD  PARAMETERS 


Simp'e  One-Way  Support 
Lv  =  8  ft 
t  -  12  in. 

fr  =  200  psi 
Em  =  0.5  x  106  psi 
y  -  120  pcf 


FIGURE  S-1  VELOCITY  VERSUS  TIME  FOR  ONE-WAY 
SIMPLY  SUPPORTED  BRICK  WALL 


i 


Table  S-l.  Although  there  were  some  discrepancies,  in  general  there 
was  good  agreement  between  the  statistical  prediction  of  the  incipient 
collapse  pressure  and  the  test  results. 


Field  Test  Brick  Houses.  The  results  of  nuclear  field  tests  of  two 
types  of  brick  load-bearing  wall  houses  were  available  for  comparison 
with  the  predictions  from  the  analytical  two-way  action  models  developed 
for  unreinforced  masonry  walls  without  arching.  The  first  type  was  a 
two-story  house  tested  during  Operating  GREENHOUSE  and  represented  typi¬ 
cal  European  construction.  The  second  type  was  a  two-story  house  tested 
during  Operation  TEAPOT  and  represented  typical  U.S.  construction.  The 
differences  in  the  construction  of  the  two  types  of  houses  resulted  in 
the  European  house  being  significantly  stronger  than  its  U.S.  counterpart. 

In  Operation  GREENHOUSE,  one  house  located  at  the  3.4  psi  overpres¬ 
sure  level  suffered  no  damage  to  the  exterior  walls,  although  the  roof 
collapsed,  while  another  house  at  8.7  psi  was  about  40  percent  damaged.* 

In  Operation  TEAPOT,  one  house  located  at  1.7  psi  suffered  no  apparent 
damage  to  the  exterior  masonry  walls,  while  another  house  at  5.1  psi  was 
demolished  beyond  repair.  All  houses  were  placed  with  their  front  wall 
facing  toward  the  detonation. 

A  statistical  analysis  was  made  of  each  house  type,  and  the  incip¬ 
ient  collapse  overpressures  are  given  in  the  tabulation  below  for  com¬ 
parison  with  the  test  results. 


Brick  House  (GREENHOUSE) 


Brick  House  (TEAPOT) 


Mean- 

Standard  Deviation 
10%  Probability  Value 
90%  Probability  Value 


6.36  psi  Mean 

0.36  psi  Standard  Deviation 

5.90  psi  10%  Probability  Value 

6.82  psi  90%  Probability  Value 


2.50  psi 
0.18  psi 
2.27  psi 
1.73  psi 


*  The  description  of  percent  building  damage  cited  in  Ref.  22  is  for 
damage  assessment  purposes  and  is  not  necessarily  related  to  the  prob¬ 
ability  of  survival  for  civil  defense  purposes. 
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Recommendations 


This  investigation  has  emphasized  the  need  for  a  balanced  analytical 
and  experimental  program  to  develop  an  evaluation  procedure  for  existing 
structures  that  meets  the  requirements  of  OCD.  From  the  standpoint  of 
predicting  the  co-t^ose  of  exterior  walls,  it  is  recommended  that  the 
following  research  be  conducted  in  the  next  phase  of  the  effort: 

•  A  sensitivity  analysis  should  be  conducted  to  investigate  the 
effect  on  the  incipient  collapse  overpressure  of  varying  the 
probability  distribution  of  the  important  load  and  wall  param¬ 
eters.  In  this  study,  sensitivity  analyses  have  been  used  to 
assist  in  identifying  the  wall  and  load  parameters  that  have  an 
important  influence  on  the  incipient  collapse  overpressure  of 
specific  walls.  In  addition,  since  the  evaluation  of  actual 
structures  includes  physical  parameters  that  cannot  readily  be 
measured  or  determined  precisely,  the  analytical  procedure  was 
modified  to  include  a  probability  distribution  for  the  important 
parameters  rather  than  a  single  value.  This,  of  course,  lessens 
the  requirement  for  preciseness  in  some  or  all  of  the  parameters. 
However,  some  parameters  may  have  such  a  large  effect  on  the 
predicted  collapse  of  a  specific  wall  that  their  degree  of  un¬ 
certainty  may  mask  the  uncertainty  in  any  or  all  or  the  other 
unknown  parameters.  A  sensitivity  study  will  indicate  the 
parameters  that  must  be  determined  accurately  and  also  will 
provide  guidance  in  selecting  the  more  important,  areas  for  ex¬ 
perimental  research . 

•  A  literature  search  should  be  conducted  to  gather  basic  infor¬ 
mation  on  material  properties  for  use  in  this  project.  The 
analyses  of  wall  elements  in  this  study  emphasized  the  need  for 
readily  available  statistical  data  on  the  material  properties 
of  exterior  walls,  and  information  should  be  obtained  for  all 
materials  needed  in  the  evaluation  of  existing  structures. 

•  Static  and  dynamic  tests  of  typical  exterior  walls  should  be 
conducted  to  permit  an  examination  of  the  validity  of  the  math¬ 
ematical  models  presented  in  this  report  or  to  establish  the 
basis  for  additional  or  substitute  procedures.  As  noted  in 
the  report,  the  establishment  of  resistance  functions  for  two- 
way  action  walls  with  windows  required  that  various  assumptions 
be  made  in  addition  to  those  made  in  the  initial  effort.  To 
support  the  analytical  work,  the  specific  areas  for  which 


S-7 


~-Verimental  information  is  needed  include  the  resistance  func¬ 
tion  for  various  types  of  walls  and  support  conditions;  the 
effect  of  two-way  action  for  walls  with  and  without  windows;  the 
effect  of  shear  and  connections  on  wall  failure;  the  reaction  of 
walls  throughout  their  response  history,  including  collapse;  and 
the  effect  of  vertical  in-plane  forces  on  the  resistance  of  wall 
elements.  The  emphasis  in  any  test  program  should  be  to  establish 
the  primary  collapse  mechanism  of  two-way  action  walls  with  and 
without  windows,  and  to  determine  the  effect  of  variation  of  the 
important  parameters  on  the  incipient  collapse  overpressure  of 
walls . 

•  Air  blast  interaction  studies  should  be  continued  to  establish 
more  definitive  blast  load  prediction  techniques  than  are  now 
available.  In  the  report,  a  method  is  presented  for  calculating 
the  net  load-time  function  resulting  from  the  interaction  of  an 
air  blast  wave  with  a  structure  with  openings.  The  method  evolved 
from  the  available  schemes  for  determining  the  blast  loading  on 
the  exterior  surface  of  a  building  with  openings  and  the  interior 
pressure  build-up  caused  by  a  blast  wave  entering  a  room.  However, 
since  the  net  load-time  function  is  an  important  factor  in  pre¬ 
dict!  -g  the  collapse  of  walls  in  actual  buildings,  better  infor¬ 
mation  is  needed  to  develop  a  more  accurate  procedure  than  used 
in  this  study.  Although  a  number  of  parameters  influence  tho 
blast  wave  interaction  process,  the  primary  areas  where  informa¬ 
tion  is  needed  for  determining  the  collapse  of  exterior  wails 
are  the  clearing  time  of  the  reflected  overpressure  on  the  front 
face  of  any  wall  in  a  building  with  openings,  the  effect  of  window 
openings  on  the  back-face  loading  of  an  exterior  wall,  and  the 
adequacy  of  using  the  average  room  pressure  (calculated  from  the 
room-filling  procedure)  as  the  loading  on  the  interior  surface 
of  exterior  walls  located  on  any  side  of  a  building. 
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FOREWORD 

This  report  is  one  of  a  series  covering  research  of  a  continuing 
nature-  under  a  project  for  blast  resistance  evaluation  of  existing  struc¬ 
tures  in  the  National  Fallout  Shelter  Survey  (NFSS)  inventory  of  the 
U.S.  Office  of  Civil  Defense  (OCD). 

The  objective  is  to  develop  an  evaluation  method  for  estimating 
blast  resistance  and  tne  cost  of  structure  modifications  to  improve 
blast  protection. 

The  evaluation  method  differs  from  vulnerability  analysis  techniques 
by  carrying  along  significant  statistical  yardsticks  (e.g.  on  strengths 
of  materials)  in  the  calculations  sufficient  to  meet  the  neeas  of  shelter 
operations  research  or  war-gaming.  It  differs  from  protective  design ' 
analysis  by  aiming  at  a  50%  probability  basis,  rather  than  the  90^-99% 
probability  basis  intended  in  design/analysis  methods. 

The  results  expected  of  the  evaluation  method  will  provide  inputs 
for  systems  analyses  related  to  performance  of  structures  and  effects 
on  shelterees. 

The  approach  used  for  the  continuing  research  was  to  develop  an 
evaluation  method  for  each  of  several  structural  elements  (e.g.,  window- 
glass,  walls,  and  slabs),  including  reaction  load-time  history,  and  tnen 
for  structural  frames. 
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ABSTRACT 


The  objective  of  this  investigation  was  to  develop  an  evaluation 
procedure  applicable  to  existing  NFSS-type  structures  and  private  homes 
for  determining  the  blast  protection  afforded  and  the  cost  of  structure 
modifications  to  improve  the  blast  protection.  The  approach  adopted  was 
to  formulate  a  procedure  that  would  permit  examining  the  response  of  a 
structure  over  a  range  of  incident  overpressure  levels  to  determine  the 
pressure  at  which  failure  of  the  various  elements  occurs. 

Past  efforts  in  this  program  have  been  concerned  with  examining 
exterior  walls,  window  glass,  and  steel  frame  connections.  The  phase 
of  the  work  presented  in  this  report  extended  the  exterior  wall  response 
models  previously  developed  by  including  exterior  walls  with  two-way 
action  and  window  openings.  The  evaluation  procedure  was  also  extended 
to  include  a  probability  distribution  for  each  of  the  various  "unknown" 
wall  and  load  parameters.  Using  the  wall  evaluation  procedure,  a  limited 
sensitivity  analysis  was  performed  and.  a  comparison  was  made  of  the 
available  experimental  information  on  dynamically  loaded  wall  elements 
with  theoretical  predictions. 
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I  INTRODUCTION 


Under  contract  to  the  Office  of  Civil  Defense,  Stanford  Research 
Institute  is  developing  a  procedure  for  the  evaluation  of  existing  struc¬ 
tures  subjected  to  nuclear  air  blast.  The  objective  of  Lhe  overall  pro¬ 
gram  is  to  develop  an  evaluation  procedure  applicable  to  existing  NFSS- 
type  structures  and  private  homes  for  determining  the  blast  protection 
afforded  and  the  estimated  cost  of  structure  modifications  to  improve 
the  blast  protection.  The  purpose  of  this  phase  of  the  work  was  to  ex¬ 
tend  the  applicability  of  the  evaluation  procedure  for  exterior  wall 
elements  presented  in  Ref.  1. 

Background 

Past  efforts  in  this  program  have  been  concerned  with  examining  ex¬ 
terior  walls  (Ref.  l) ,  window  glass  (Ref.  2),  and  steel  frame  connections 
(Ref.  3).  The  work  presented  in  this  report  was  undertaken  to  extend  the 
exterior  wall  response  models  presented  in  Ref.  1  by  including  exterior 
walls  with  two-way  structural  action  and  window  openings.  Another  report 
to  be  published  will  present  criteria  on  the  effect  of  blast  overpressure 
or.  the  protection  afforded  by  various  building  classes. 

The  evaluation  of  existing  structures  is  exceedingly  complex  and  in¬ 
cludes  many  unknown  aspects  of  bo*h  the  nuclear  air  blast  loading  on,  and 
the  failure  mechanisms  of,  structures.  Past  damage  prediction  schemes 
have  generally  been  developed  lor  physical  vulnerability  studies;  they 
have  limited  application  to  the  examination  of  the  behavior  of  an  individ¬ 
ual  structure.  Although  c^  ^prehensive  analytical  studies  and  experimental 
data  provided  the  basis  for  these  methods,  averaging  and  statistical 
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>'f  damage  to  .>  selected  class  of  structures  lor  various  weapon  yields 
and  ranges.  i  he  work  m  this  program,  therefore,  lias  been  directed  to¬ 
ward  providing  a  procedure  adapted  to  the  specific  requirements  of  the 
Office  of  Civil  Defense. 


\pproaeh 

Structure  Kvaluation 

A  structure  evaluation  procedure  that  can  be  applied  to  the  follow¬ 
ing  types  of  OCD  problems  would  be  desirable: 

•  Casualty  and  injury  predictions. 

4  Debris  prediction. 

o  Damage  assessment. 

«  Selection  of  existing  structures  that  provide  the  best 
protection. 

4  Selection  of  existing  structures  that  have  a  potential  for 
modification  for  upgrading  to  provide  blast  shelters. 

At  the  present  time,  there  unfortunately  is  no  procedure  or  combina¬ 
tion  of  procedures  that  can  be  used  to  satisfy  the  above  requirements. 

A  procedure  is  needed  that  is  sufficiently  flexible  to  provide  the  detail 
necessary  for  assessing  individual  structure  damage,  without  requiring  a 
detailed  analysis  of  every  structure  in  an  entire  city.  The  overall  ap- 
pr  ach  adopted  ir  this  study  for  the  evaluation  of  existing  structures  to 
resist  nuclear  air  blast  has  been  the  formulation  of  a  procedure  for  ex¬ 
amining  the  response  of  a  structure  over  a  range  of  incident  overpressure 
levels  to  determine  the  ) ressure  at  which  collapse  of  the  various  elements 
will  occur. 
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Because  of  the  complexity  of  both  the  air  blast  loading  and  the 
structural  response  calculations,  the  evaluation  procedure  employs  a 
computer  to  nor  form  the  numerical  computations,  'lhe  program  is  designed 
with  sufficient  flexibility  to  permit  subsequent  modification  as  more 
complete  information  becomes  available  from  current  studies  by  vai ious 
organizations.  Basically,  the  procedure  consists  of  a  method  for 
determining  the  air  blast  loading  on  the  structure  and  structural  ele¬ 
ments,  (2)  a  method  for  determining  the  dynamic  structural  response  up 
to  collapse,  and  (3)  a  method  for  establishing  the  failure  criterion 
for  each  structural  member  of  interest.  An  iterative  process  is  employed 
in  which  the  structural  response  can  be  examined  for  various  levels  of 
incident  overpressure  and  compared  with  a  failure  criterion  to  predict 
the  overpressure  level  at  which  collapse  of  each  member  will  occur. 

Wall  Element  Evaluation 

The  method  used  in  this  study  was  to  establish  the  resistance  func¬ 
tion  for  each  will  element  of  interest  by  considering  the  approximate 
response  mode  and  by  assuming  that  the  wall  was  subjected  to  a  uni¬ 
formly  distributed  static  load.  The  member  was  then  transformed  into 
an  equivalent  single-degree-of-freedom  dynamic  system  by  the  use  of  trans 
formation  factors  for  the  load,  resistance,  and  mass.  The  equation  of 
motion  was  then  solved  on  a  computer  using  the  numerical  integration  pro¬ 
cedure  described  in  Kef.  4.  Although  the  approach  has  been  to  use  es¬ 
tablished  analytical  procedures  wherever  possible  (as  noted  in  the  main 
body  of  the  report),  it  has  been  necessary  to  modify  and  adapt  current 
procedures  for  specific  use.  Relatively  simplified  analytical  models 
have  been  used  for  wall  element  analysis  to  prevent  the  overall  evalua¬ 
tion  procedure  of  a  structure  from  becoming  unwieldy  as  a  result  of 
excessive  computational  effort. 


'Ihe  effort  covered  in  this  report  was  directed  primarily  toward 
tlie  further  development  of  th«  evaluation  procedure  previously  developed 
to  determine  the  collapse  of  dynamically  loaded  exterior  wall  elements. 
Hes.otance  functions  have  been  formulated  that  include  two-way  struc¬ 
tural  action  and  window  openings  in  three  types  of  exterior  walls,  i.e.  , 
unreinforced  concrete  cr  masonry  unit  walls  without  arching,  unreinforced 
concrete  or  masonry  unit  walls  with  arching,  •”"!  reinforced  concrete 
wa  Us. 

To  apply  the  wall  response  models  to  actual  structures,  it  is  nec¬ 
essary  to  calculate  the  load-time  function  on  both  the  exterior  and  in¬ 
terior  surfaces  of  the  wall.  Therefore,  the  load  functions  presented 
m  Ref.  1  have  been  extended  to  include  the  exterior  loading  on  the  wall 
of  a  building  .>ith  windows  and  the  interior  room  pressure  build-up  re¬ 
sulting  from  an  air  blast  entering  the  building. 

A  primary  difference  between  the  current  and  the  previous  effort 
has  been  the  introduction  oi  a  probability  distribution  in  the  analysis 
of  wall  elements.  Although  the  intention  since  the  inception  of  this 
program  has  been  to  carry  along  certain  statistical  yardsticks  in  the 
analysis  of  each  building  element,  it  became  apparent  during  this  phase 
of  the  effort  that  a  combined  deterministic  and  probabilistic  approach 
would  be  necessary  for  the  realistic  evaluation  of  existing  structures 
subjected  to  nucle  ,r  air  blase.  This  is  necessary  because  the  analysis 
of  actual  building  elements  requires  the  assumption  of  values  for  the 
physical  properties  of  the  structure  that  are  unknown  and  cannot  be 
measured  in  the  field  without  an  unwarranted  amount  of  effort. 
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Report  Organization 

Section  II  contains  a  discussion  of  the  method  ac.opted  for  calcu¬ 
lating  the  net  load-tine  function  used  m  the  evaluation  oi  exterior 
walls  of  an  actual  building,  and  Section  III  concerns  the  extension  of 
the  resistance  functions  to  include  two-way  structural  action  walls  with 
and  without  windows.  The  method  used  to  introduce  probability  into  the 
wall  analysis  is  given  m  Section  IV.  and  the  reactions  of  two-way  action 
walls  are  considered  in  Section  V.  Section  VI  contains  a  discussion  of 
a  limited  sensitivity  analysis  of  two-way  action  walls  and  a  comparison 
of  the  available  experimental  information  on  dynamically  loaded  wall 
elements  and  the  theoretical  predictions.  Section  VII  presents  the  re¬ 
port  conclusions  and  recommendations  for  further  study. 

Appendixes  were  included  to  supplement  the  main  body  of  the  report 
where  needed.  Appendix  A  presents  the  method  used  to  calculate  the  trans¬ 
formation  factors  for  two-way  action  walls,  and  Appendix  B  discusses  an 
alternative  crack  pattern  that  may  foim  in  a  wall  under  certain  conditions. 
A  detailed  statistical  analysis  of  a  masonry  wall  with  arching  is  given  in 
Appendix  C  to  demonstrate  the  statistical  method  used  in  the  analysis. 
Appendix  D  is  a  discussion  of  the  computer  programs  developed  for  the 
dynamic  analysis  of  the  various  two-way  action  wall  elements. 
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II  AIR  BLAST  LOADING 


ZtTv'Vv* 


a 


Introduction 

As  noted  in  the  initial  wall  study  in  Ref.  1,  the  load-time  history 
is  an  important  factor  in  the  prediction  of  the  collapse  of  structural 
elements.  In  that  study,  four  basic  types  of  loadings  were  selected  for 
an  analysis  of  the  response  and  collapse  of  exterior  walls.  These  load¬ 
ings  consisted,  first,  of  the  conventional  load  scheme  for  the  interac¬ 
tion  of  an  air  blast  wave  at  normal  incidence  with  the  front  face  of  a 
closed  rectangular  structure,  as  shown  on  Figure  1.  This  loading  was 
included  in  the  study  since  it  represents  the  type  of  front  face  loading 
scheme  generally  used  in  the  design  and  analysis  of  structures  subjected 
to  nuclear  weapon  effects.  The  second  loading  case  considered  was  a 
triangular  load  pulse,  and  the  third  was  rectangular.  These  load  cases 
were  included  primarily  because  of  their  value  in  variation  of  parameter 
studies.  The  fourth  type  of  load  function  was  a  step  pulse  to  a  uniform 
pressure  followed  by  a  linear  decay  to  zero  pressure,  which  was  used  to 
permit  comparison  of  the  theoretical  predictions  with  the  experimental 
results  from  the  UR3  Shock  Tunnel  Facility  (Ref.  5). 

These  four  load  types  were  considered  to  be  adequate  for  studying 
the  collapse  of  specific  walls  and  for  performing  sensitivity  analyses. 
However,  for  the  correlation  of  the  prediction  methods  with  nuclear  field 
test  data  and  for  the  evaluation  of  actual  structures,  it  is  necessary 
to  describe  more  definitely  the  net  load-time  history  on  the  wall  element 
of  interest.  This  requires  a  method  for  calculating  both  the  front  and 
back  face  loadings.  Therefore,  for  the  current  study,  it  was  necessary 
to  establish  a  procedure  for  determining  the  front  and  back  face  load-time 
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FIGURE  1  CONVENTIONAL  SCHEME  FOR  THE  FRONT  FACE 
LOADING  ON  A  CLOSED  RECTANGULAR  BLOCK 
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history  for  any  wail  in  an  actual  structure.  This  information  was  used 
to  construct  a  net  load-time  history  for  evaluating'  the  collapse  over¬ 
pressure  for  the  wall.  For  convenience  of  presentation,  the  method  of 
load  determination  is  discussed  in  tnree  subsections.  The  front  face 
and  interior  wall  loadings  are  discussed  briefly,  followed  by  a  general 
description  and  example  of  the  method  used  tc  calculate  the  net  load¬ 
time  history  on  the  exterior  front  wall. 
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Front  Face  Loading 

The  determination  of  the  load-time  function  at  any  point  or.  the 
front  face  of  the  exterior  walj.  of  a  large  building  is  an  exceedingly 
complex  problem  for  which  no  satisfactory  prediction  procedure  is  avail¬ 
able  for  evaluating  existing  structures.  For  the  design  of  structures, 
the  conventional  air  blast  loading  scheme  shown  in  Figure  1  was  developed 
primarily  from  empirical  data.  To  calculate  the  average  load-time  his¬ 
tory  on  the  front  face  of  a  closed  rectangular  block  with  this  method, 
the  reflected  overpressure,  pr ,  is  first  determined.  After  reilection 
of  the  shock  front  at  normal  incidence,  it  is  assumed  that  the  clearing 
of  the  reflected  overpressure  is  initiated  at  zero  time  and  that  it  de^^s 
linearly  to  the  stagnation  pressure  in  a  time,  t.  =  3  S/U,  where  S  is  the 
clearing  distance  and  U  the  shock  front  velocity.  The  stagnation  pres¬ 
sure  decays  directly  with  the  static  and  dynamic  overpressures  to  zero 
pressure  at  time  tu.  For  design  purposes,  the  load  calculated  in  this 
manner  is  applied  as  a  uniform  pressure  to  the  entire  front  face  of  a 
building. 

For  the  evaluation  oi  structures,  the  conventional  1oaa  prediction 
method  just  described  is  inad  .quate  for  two  primary  reasons.  First,  for 
the  front  wall  of  a  large  structure,  it  is  assumed  in  the  conventional 
method  that  the  load-time  history  is  identical  for  each  point  on  the 
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Mint'd  t><  1'cmsI  the  sane  average  dynamic  loadirg,  without  consideration 
oi  their  location.  lo  predict  tiie  collapse  of  these  panels,  however,  it 
Mould  be  necessary  to  provide  ..  more  definitive  load-time  history  than 
can  be  determined  by  the  conventional  scheme.  This  can  be  illustrated 
by  examining  the  relict  of  the  reflected  overpressure  on  the  10-ft  square 
panels  1  and  il  ol  the  50-ft  high  by  130-ft  long  build  :ig  in  Figure  2. 

I  he  conventional  air  ''last  prediction  scheme  would  indicate  that  the 
clearing  time  of  the  reflected  pulse  from  a  5  psi  incident  blast  wave 

would  occur  in  3  S/U,  or  about  117  msec  for  both  panels.  However,  for 

an  actual  building,  panel  I  would  be  swept  by  rarefaction  vaves  from 
both  the  roof  and  left  building  edges  within  the  first  10  msec  following 
reflection.  . herefore,  the  avetabv  id  on  panel  I  would  start  to  decay 
at  about  zero  time,  and  the  rate  of  decay  would  be  much  faster  than  that 
indicated  by  the  117-msec  average  clearing  time  calculated  by  the  conven¬ 
tional  loading  method.  On  the  other  hand,  the  relief  of  the  reflected 
overpressure  on  panel  II  wuld  not  be  initiated  until  the  rarefaction 
wave  from  tie  roof  reached  the  panel  in  about  40  or  50  msec.  Until  this 
time,  the  clearing  would  be  delayed  and  the  load  on  panel  II  would  be 
maintained  al  the  value  of  the  reflected  overpressure,  which  decays  at 
a  relatively  slow  rate.*  It  is  apparent  from  this  brief  description 
that  the  loading  on  panels  1  and  II  of  a  windowlcss  building  would  be 
considerably  different  during  the  early  diffraction  period.  Although 
this  differnce  is  not  accounted  for  in  the  conventional  load  prediction 
method  used  for  the  design  of  structures,  it  is  important  since  it  can 
be  a  controlling  factor  in  the  determination  of  the  collapse  of  exterior 
wall  panels  subjected  to  nuclear  blast  loading. 


Fot  example,  for  a  5-Mt  weapon  yield,  the  reflected  overpressure  from 
a  5  psi  shock  wave,  at  normal  incidence  to  a  large  surface,  would  de- 
c .y  from  11.39  to  11.16  psi  in  the  first  50  msec. 
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I  lie  second  reason  that  the  conventional  type  of  load  prediction 
scheme  is  inadequate  for  the  evaluation  of  structures  is  that  it  was 
developed  tor  closed  structures,  and  there  is  no  provision  for  includ¬ 
ing  the  el  feet  of  window  or  door  openings  on  the  load-time  history. 

The  primary  influence  ot  wall  openings  on  the  load  calculated  by  the 
conventional  technique  is  two-fold.  The  first  effect  is  a  marked  re¬ 
duction  in  the  clearing  time  of  the  reflected  pulse,  since  the  opening 
provides  an  additional  mechanism  for  relief.  The  second  effect  is  a  re¬ 
duction  ot  the  net  load  on  the  wall  as  a  result  of  the  loading  on  the 
back  face  o'  the  front  wall  caused  by  the  shock  diffraction  and  air  flow 
into  the  room  through  the  window. 

Although  there  are  no  generally  accepted  conventional  procedures 
available  for  estimating  the  clearing  time  of  the  reflected  overpressure 
on  a  structure  with  openings,  Ref.  £  provides  a  systematic  method  for 
determining  a  weighted  average  for  the  clearing  distance.  To  calculate 
the  clearing  distance  with  this  procedure,  the  front  face  of  a  building 
is  first  subdivided  into  rectangular  areas  bounded  by  the  window  and 
door  edges  and  the  building  edges.  Each  area  is  then  weighted  according 
to  the  number  and  location  of  the  sides  of  the  area  from  which  clearing 
of  the  reflected  overpressure  can  occur.  The  weighted  average  clearing 
distance  for  the  front  face  is  then  determined  by  the  summation 


L5ahaAn  5 

Af  *  S 


(1) 


The  weighted  clearing  distance,  S ' ,  is  then  used  in  the  same  manner 
as  the  clearing  distance,  S,  to  determine  the  clearing  time,  tc .  The 
accuracy  or  physical  basis  for  the  procedure  could  not  be  analytically 
evaluated  m  this  study,  but  the  values  of  s'  determined  for  the  cases 
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examined  were-  believed  to  be  on  the  low  side.  Also,  if  an  analysis  is 
made  to  determine  the  sensitivity  of  the  weighted  average  clearing  dis¬ 
tance  to  the  percentage  of  window  openings,  an  anomaly  will  be  found  to 
exist  between  the  procedure  to  calculate  S  and  the  conventional  procedure 
to  calculate  S  for  a  closed  structure.  That  is,  as  the  percentage  of 
window  openings  approaches  /.ero,  S  is  found  to  be  much  less  than  S. 
However,  as  discussed  in  the  subsection  on  net  loading,  because  of  the 
treatment  of  the  clearing  distance  as  a  random  variable  for  predicting 
the  collapse  of  wall  elements,  a  precise  definition  of  the  distance 
may  not  be  too  important. 


Interior  Loading 

When  an  air  blast  wave  strikes  a  building  surface  at  or  near  normal 
incidence,  the  wave  front  reflects  from  the  exterior  wall,  enters  the 
window  openings,  and  diffracts  around  the  sides  and  roof  ol  the  build¬ 
ing.  The  high  pressure  reservoir  on  the  exterior  face  creates  a  flow 
into  the  building  through  the  openings.  As  noted  in  Ref.  7,  if  the 
fraction  of  the  opening  on  the  exposed  wall  is  greater  than  about  50  per¬ 
cent,  the  shock  front  will  pass  into  the  building  only  slightly  weakened 
and  the  problem  is  primarily  one  of  shock  propagation.  If  the  fraction 
of  opening  is  less  than  10  percent,  the  shock  diffraction  is  of  minor 
importance  and  the  interior  loading  is  primarily  a  room-filling  process 
resulting  from  an  expansion  cf  the  high  exterior  pressure  into  the  build¬ 
ing.  Although  most  actual  structural  configurations  fall  between  t.iese 
two  extremes,  there  is  r.o  simplified  procedure  available  for  determining 
the  loading  on  interior  surfaces  from  both  the  shock  diffraction  ana  the 
high  velocity  air  flow.  It  is  conceivable  that  a  satisfactory  solution 
to  the  interior  loading  problem  could  be  obtained  by  superimposing  the 
early  shock  front  loading  on  the  average  pressure-time  function  obtained 
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1  rom  the  room-filling  techniques. 


However,  as  shown  in  Ref.  8,  the  cal- 
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process  requiring  two-dimensional  hydrodynamic  computer  codes  and  is  much 
too  involved  lor  a  simplilied  approach.  On  the  other  hand,  for  many  cases 
of  practical  interest,  it  is  expected  that  the  primary  interior  load  will 
result  from  the  room  filling  caused  by  the  air  flow  and  not  from  the  ex¬ 
pansion  and  reflection  of  the  weakened  shock  front  within  the  room.  There- 
ioro,  in  this  study,  the  interior  wall  loading  was  deternuned  hy  room- 
filling  techniques,  and  the  contribution  of  the  shock  front  to  the  inte¬ 
rior  loading  was  neglected. 

Net  Wail  leading 

To  determine  the  wall  loading  it  was  assumed  that  the  blast  wave 
before  interacting  with  the  structure  was  an  ideal  Mach  waveform  propa¬ 
gating  radially  outward  over  an  ideal  reflecting  surface.  This  is  an 
oversimplification,  since  in  any  actual  situation,  the  blast  waveform  is 
influenced  by  many  physical  factors,  e.g. „  terrain,  surface  type,  blast 
shielding  in  city  complexes,  ana  airborne  dust  and  debris.  However,  since 
there  is  no  rational  procedure  available  that  accounts  for  these  factors, 
they  were  not  considered  further  in  this  study.  It  was  also  assumed  that 
the  duration  of  the  positive  phase  of  the  cynamic  overpressure  was  equal 
to  that  of  the  side-on  overpressure  that  the  negative  phase  could  be 
neglected  for  structural  response  calculations. 

The  weighted  clearing  distance  method  discussed  under  Front  Face 
Loading  was  used  to  calculate  the  exterior  pressure-time  history  for  a 
wall  of  a  building  with  window  openings.  However,  since  precise  values 
are  not  known  for  many  of  the  parameters  that  influence  the  collapse  of 
actual  structures,  the  wall  behavior  was  predicted  by  using  a  determinis¬ 
tic  approach  modified  by  treating  the  important  variables  as  ranaom 
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processes.  For  a  normally  distributed  function,  tkii  requires  the  de¬ 
termination  of  a  mean  value  and  standard  deviation.  Xlthough  no  formal 
procedure  was  developed  for  applying  this  +o  the  clearing  time  of  the 
reflected  overpressure,  m  general,  it  was  accomplished  as  described  be¬ 
low.  For  wall  panels  located  near  the  edge  oi  the  front  face  of  a  build¬ 
ing  with  windows,  the  maximum  clearing  distance  was  assumed  to  be  equal 
to  the  greatest  distance  from  any  point  on  the  panel  to  the  nearest  edge 
oi  the  building  where  clearing  of  the  reflected  pulse  could  occur.  Since 
this  value  of  S  was  considered  as  a  maximum,  its  probability  of  occurrence 
was  assumed  to  b?  equal  to  0.90  to  0.95.  The  weighted  average  clearing 
distance;  s' ,  was  then  determined  for  the  specific  panel  by  I.'q,  i.  Since 
Sx  was  considered  as  a  minimum,  it  was  assigned  a  probability  of  occur¬ 
rence  of  0.05  to  0.10.  From  these  values  of  the  clearing  distance,  the 
mean  value  and  standard  deviation  could  be  calculated  for  a  normal  dis¬ 
tribution  function. 

Although  there  are  a  number  oi  room-filling  procedures  available 
(e.g. ,  Refs.  9,  10,  and  ll),  the  method  outlined  in  Ref.  7  was  adopted 
for  determining  the  interior  pressure-time  history.  All  current  pro¬ 
cedures  provide  an  average  pressure  build-up  within  a  room,  but  do  not 
provide  definitive  load-time  information  for  each  interior  wall  surface. 
For  each  specific  problem  in  this  study,  the  net  wall  loading  was  ob¬ 
tained  by  a  simple  summation  of  the  exterior  and  interior  pressure-time 
histories.  An  example  of  the  net  loading  on  the  upper  portion  of  the 
front  wall  of  the  two  story  brick  house  discussed  in  Section  VI  is  shown 
in  Figure  3. 

The  method  used  to  determine  the  net  load-tiir-  function  on  a  side 
or  rear  wall  of  a  building  was  first  to  calculate  the  average  load  cn 
the  exterior  surface  of  the  wall  by  the  method  presented  in  Ref.  12  and 
then  to  subtract  the  interior  pressure  as  determined  m  the  previous 
subsect  ion. 
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Ill  RESISTANCE  FUNCTIONS 


Introduction 

The  method  used  in  this  study  to  predict  the  behavior  of  exterior 
walls  was  the  same  as  that  previously  developed  in  Ref.  1.  This  method 
required  the  development  of  a  resistance  function  for  each  wall  type  of 
interest.  In  Ref.  1,  procedures  were  presented  for  determining  the  re¬ 
sistance  function  for  one-way  structural  action  of  three  types  of  walls: 
unreinforced  concrete  or  masonry  unit  walls  without  arching,  unreinforced 
concrete  or  masonry  unit  walls  with  arching,  and  reinforced  concrete  walls. 
In  this  section,  the  development  of  procedures  to  account  for  two-way  ac¬ 
tion  of  the  three  wall  types  is  presented.  Also  included  is  an  interim, 
or  preliminary,  procedure  for  determing  the  effect  of  a  window  opening 
on  the  resistance  function. 

The  extension  of  the  models  from  one-way  structural  action  to  two- 
way  action  required  that  additional,  and  sometimes  tenuous,  assumptions 
be  made,  especially  for  the  inelastic  portions  of  the  wall  response.  This 
resulted  primarily  from  the  lack  of  definitive  experimental  information 
or  theoretical  developments  that  adequately  describe  the  load-response  re¬ 
lationship  of  unreinforced  walls  after  elastic  cracking  has  occurred.  The 
resistance  functions  presented  should  therefore  be  considered  as  interim 
developments,  which  can  be  modified  when  better  information  becomes  avai  1- 
abel.  On  the  other  hand,  as  discussed  in  Section  IV,  the  use  of  proba¬ 
bility  functions  in  the  procedures  for  predicting  the  incipient  collapse 
overpressure  of  a  wall  makes  the  use  of  precise  resistance  functions  less 
critical  than  wculd  otnerwise  be  the  case. 
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Hu-  genera:  oa*»<  ions,  lere-'  's  shown  m  Figure  4.  Initial  develop- 
pieni  oi  i-'.'M.siaiK.'  'motions  lor  two-wav  action  walls  was  restricted  to 
the  follow  m  tom  Mmnoi  •  vend. lions,  which  are  illustrated  in  Figure  5. 

Support  ,.,-e  1  — Si  nip  1  \  supported  on  four  edges. 

Support  Case  2--Fi\ed  on  four  edges. 

Support  Case  3--Fixed  on  vertical  edges;  simply  supported  on 
horizontal  edges. 

Support  Case  1 — Simply  supported  on  vertical  edges;  fixed  on 
horizontal  edges. 

So  that  certain  assumptions  could  be  made  regarding  the  location  at 
which  cracking  of  the  wall  initially  occurs,  the  development  of  resistance 
functions  was  further  restricted  to  walls  in  which  the  length  was  greater 
Mian,  or  equal  to,  the  height.  Most  walls  of  practical  interest  are  be¬ 
lieved  to  fall  within  these  limitations.  In  all  cases  the  walls  were 
assumed  to  be  of  uniform  thickness. 

Unremforced  Concrete  or  Masonry  Unit  Wall  (Without  Archi ng ) 

As  was  the  case  for  one-way  action  walls,  the  resistance  function 
for  two-way  unreinforced  concrete  or  masonry  unit  walls  without  arching 
was  assumed  to  consist  ox  an  elastic  phase  followed  bjr  a  decaying  phase. 
The  elastic  phase  is  controlled  by  the  bending  strength,  the  failure  is 
assumed  to  occur  when  the  extreme  fiber  stress  reaches  the  modulus  of 
rupture  for  concrete  members  of  the  tensile  bond  strength  for  brick  or 
masonry  unit  walls.  For  a  wall  simply  supported  on  four  edges  (Support 
Case  1),  an  elastic  failure  occurs  at  the  center  of  the  wal?  ,  while  for 
a  wall  fixed on  two  or  more  edges  ( Support  Cases  2,  3,  and  4),  an  inicial 
elastic  failure  occurs  eh  the  fixed  edges,  with  a  secondary  elastic  fail¬ 
ure  occurring  at  the  center.  Thus,  as  shown  m  Figures  6  and  7,  the 
elastic  phase  of  the  resistance  function  for  Support  Case  1  is  described 
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FIGURE  7  RESISTANCE  FUNCTION  FOR  A  TWO-WAY 
ACTION  UNR  ESN  FORCED  CONCRETE  OR 
MASONRY  UNO  WALL  WITHOUT  ARCHING 
SUPPORT  CASES  2.  3.  &  4 
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by  a  single  elastic  nortion,  whereas  lor  Support  Cases  2,  3,  anti  4,  it 
Is  described  by  an  initial  and  secendnrv  pl.iqf'f  port  ion.  Further,  the 
elastic  phase  must  be  calculated  separ  toly  for  ..alls  with  and  without 
vertical  dead  load  (other  than  the  wp:vs'  own  weight).  For  the  case  of 
the  wall  with  a  vertical  toad,  it  war.  assumed  that  the  vertical  load  was 
acting  in  toe  plane  of  the  wall,  as  shown  in  Figure  -1 .  The  effect  of 
any  initial  eccentric  of  the  vertical  load  thus  was  not  considered  in 
determining  the  resistance. 

After  the  elastic  phase,  the  .vail  resistance  in  the  decaying  phase 
is  provided  by  the  geometry  of  the  wall  and  the  magnitude  of  the  vertical 
axial  forces  in  the  plane  of  the  wall. 


Resistance  Function 

Elastic  Phase  -  V.'all  Without  Vortical  Axial  Load.  During  the  elastic 
phase  the  wall  was  assumed  to  behave  as  an  clastic  homogeneous  plate.  The 
maximum  elastic  resistance  is  therefore  developed  when  the  maximum  moment 
occurring  ir.  the  wall  equals  the  ultimate  moment  capacity  of  the  wall. 

For  a  wall  simply  supported  on  four  sides  (Support  Case  l)  with  a  uniform 
lateral  load  (i-e,,  a  uniform  load  acting  normal  to  the  face  of  the  wall), 
the  maximum  moment  occurs  at  the  center  of  the  wall,  and  is  found  from 
Ref.  13  to  have  a  value  equal  to 


-  B,  ql/r 

1  *  V 


(2) 


where  B  is  a  numerical  factor  depending  on  both  the  support  conditions 
and  the  iatio  /L, .  The  subscript  ,  indicates  Support  Case  1.  Values 
of  B  are  plotted  against  the  ratio  L_ /L  in  Figure  S  for  all  support 
cases. 
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SUPPORT  CASE  2 


The  corresponding  ultimate  moment  capacity  at  the  center  of  the  wall 


is  given  by 


e 


tw/2 


W/2 


(3) 


where,  depending  on  the  type  of  wall  construction,  the  value  of  f  may  be 
the  modulus  of  rupture  or  the  tensile  bond  strergth.  The  gross,  or  up- 
cracked,  moment  of  inertia  per  unit  width  is  given  by 

I*  =  t«/12  .  (-1) 

The  ultimate  elastic  resistance  for  Support  Case  1  is  now  obtained 
by  equating  the  maximum  moment  developed  at  the  center  of  the  wall  (Eq.  2) 
to  the  ultimate  moment  Capacity  at  the  center  of  the  wall  (Eq.  3).  Sub¬ 
stituting  the  value  of  Ig  (Eq.  4)  into  thp  resulting  expression  and  solv¬ 
ing  xor  q^  yields 


ty  ( 2f  tw  + 
12Bi  L?  ‘ 


W) 


(5) 


For  Support  Case  1.  the  maximum  center  deflection  is  found  from 
Ref.  13  to  be 


v  _  _  quL^ 

Et„/12(  1  -  Vs  ) 


(6) 
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wlici--  i  -  .1  mi'i..  (ac  tor,  ajt.nn  dependent  on  the  support  conditions 

md  (!«.•  im'io  tin-  subscript  1  attain  indicates  Support  Case  1. 

\.>:u-s  o!  ,\  pint  ted  against  the  ratio  L*/L;  in  Figure  9. 

\\>t.ng  irons  K;; ,  !  that  the  uncrackod  roment  of  inertia  per  unit 

■  td«  is  oqu., !  to  t  w/12,  Kci.  G  can  be  rewritten  as 
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For  Support  Cases  2,  3,  anci  4,  in  which  the  wall  is  fixed  on  two  or 
more  edges,  the  maximum  moment  for  a  uniform  lateral  load  initially  occurs 
..long  the  fixed  edges.  For  Support  Case  2,  fixed  on  four  edges,  the  maxi¬ 
mum  moment  occurs  along  the  horizontal  edges,  or  for  the  case  of  a  scpiare 
nail,  along  all  four  edges.  For  Support  Cases  3  and  4,  the  maximum  moment 
occurs  along  the  fixed  edges.  The  value  of  this  maximum  moment  is  again 
found  from  Ref.  13  and  is  given  by 


M.  =  B.qL?  ,  i  =  2,3,4 


(8^ 


whore  the  value  of  the  subscript  i  corresponds  to  the  support  case. 
Values  of  B  for  Support  Cases  2,  3,  and  4  are  given  in  Figure  8. 

The  ultimate  moment  capacity  along  the  fixed  edges  is  given  by 


(9) 
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for  the  initial  portion  of  the  elastic  phase  for 
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The  correspond  mg  maximum  deflection  for  the  initial  portion  of  the 
elastic  phase  of  a  wall  fixed  on  two  or  more  edges  is 


_  LLj_ 


)A.  qi  Ly 
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i  =  2,3,4 


(11) 


where  the  subscript  i  corresponds  to  the  support  case.  Values  of  A  for 
Support  Cases  2,3,  and  4  are  given  in  Figure  9, 

After  cracking  occurs  at  the  fixed  edges,  the  bending  resistance 
at  the  edges  is  reduced  to  zero,  and  the  wall  responds  as  if  it  were 
simply  supported  on  four  edges.  The  maximum  resistance  and  deflection 
during  the  secondary  portion  of  the  elastic  phase  may  be  determined  from 
Eqs.  5  and  6,  respectively.  For  the  corresponding  behavior  of  one-way 
action  walls,  the  influence  of  this  phase  was  not  believed  to  be  important 
since  the  maximum  resistance  for  a  simply  supported  element  is  only  two- 
thirds  that  of  the  fixed-end  element.  Therefore  it  was  neglected.  For 
the  two-way  action  wall,  however,  the  maximum  resistance  for  a  wall  simply 
supported  on  four  sides  may  -  for  certain  LH/LV  ratios  -  be  greater  than 
the  corresponding  resistance  for  walls  fixed  on  two  or  more  edges.  Even 
for  situations  where  this  is  not  the  case,  computed  results  have  indicated 
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that  for  some  dynamic  loads  the  inclusion  of  a  secondary  portion  of  the 
elastic  phase  may  have  a  significant  effect.  For  this  phase,  it  was 
assumed  that  a  line  r  relationship  existed  between  the  maximum  values  of 
the  fixed-edge  and  simply  supported  walls. 

Elastic  Phase  -  With  \ertical  Load.  The  case  of  an  elastic  plate 
simply  supported  on  four  edges  (Support  Case  l)  with  a  combined  uniform 
lateral  load  and  uniform  compressive  axial  forces  along  two  opposite 
edges  is  discussed  in  Ref.  14.  The  resulting  differential  equations  are 
solved  in  terms  of  ar.  infinite  series.  By  summing  this  series,  the  max¬ 
imum  elastic  resistance  and  deflection  can  be  expressed  m  an  identical 
form  to  that  used  for  the  wall  without  vertical  load.  The  resulting 
maximum  elastic  resistance  for  the  "ase  where  the  compressive  load  acts 
along  the  horizontal  edges  is  given  by 

(12) 

where  Bvl  is  a  numerical  coefficient  given  by  the  infinite  series 
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The  \aluo  of  Bv may  conorally  bo  obtained  to  sufficient  accuracy  by 
summing  the  first  three  or  four  terms  of  the  series.  Values  of  Bvi  are 
Dlottcd  against  L A,  ratios  for  various  values  of  tne  nondimensional 
.■ammeter  P./Pr  in  Figure  It). 

The  corresponding  maximum  elastic  deflection  for  the  wall  with  ver¬ 
tical  load  is  given  bv 


Ay,  L?  q-; 

El, 


where  Av:  is  a  numerical  coefficient  given  by  the  infinite  series 
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Nota:  The  shaded  area  indicate'  the  range  of  values  of  primary 
interest  for  wail  analysis. 

FIGURE  10  COEFFICIENTS  FOR  MAXIMUM  ELASTIC 
MOMENT  IN  TWO-WAY  ACTION  WALLS 
WITH  VERTICAL  LOAD 
SUPPORT  CASE  1 


Again  Mt II  h  i i*n t  accuracy  may  usually  be  obtained  by  summing  the  first 
thr<-.-  or  lour  ii-rms  of  t  ho  series.  Values  of  Avl  are  plotted  for  various 
value-,  ol  th-  !\/Pr  m  Figure  11. 

Foi  Support  Cases  2,  3,  and  1,  no  published  information  was  found  in 
t he  literature  concerning  walls  with  fixed  edges  subjected  to  a  combined 
uniform  lateral  'o.td  and  uniform  compressive  axial  lorces.  In  the  absence 
ol  such  information,  the  following  approximate  procedure  was  used  to  de¬ 
termine  the  maximum  elastic  resistance  and  deflection  for  these  support 
cases . 

The  ratio  of  the  moment  coefficient  for  the  wall  with  vertical  load, 

Bv  ,  to  that  for  'he  wall  without  vertical  load,  B,  was  assumed  to  be  the 
same  ''or  each  of  the  four  support  cases  considered.  Therefore: 

Jkl  -  -  LuL  (i6) 

Bj  B2  Ba  B4 

where  the  subscript  numeral  indicates  the  corresponding  support  case. 

The  moment  coefficient  for  the  wall  with  vertical  load  for  Support  Cases  2, 
3,  and  T  can  thus  be  determined  from  the  relationship 

B.  ,  i  =  2,3,4  (17) 


where  the  subscript  i  corresponds  to  the  support  case. 

The  maximum  resistance  in  the  initial  portion  of  the  elastic  phase 
for  a  wall  with  vertical  load  can  new  be  determined  from 
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(18) 
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Note:  The  shaded  area  indicates  the  range  of  values  of  primary 
inteiest  for  wall  analysis 


1  COEFFICIENTS  FOR  CENTER  ELASTIC  DEFLECTION  OF 
TWO-WAY  ACTION  WALLS  WITH  VERTICAL  LOAD 
SUPPORT  CASE  1 
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Using  the  same  assumption  as  was  used  for  the  moment  coefficients, 
the  deflection  coefficient  for  the  wall  with  vertical  load  may  be  deter¬ 
mined  from  the  relationship 


A 


ti 


9 


i  =  2,3,4 


(19) 


The  maximum  elastic  deflection  for  the  wall  with  vertical  load  can 
then  be  determined  from 


y\ 


A»  i  L'tqx 
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i  =  2 ,3 ,4 


(20) 


After  cracking  occurs  at  the  fixed  edges,  the  wall  again  responds 
as  if  it  were  simply  supported  on  four  edges.  The  maximum  resistance  and 
deflection  for  the  secondary  portion  of  the  elastic  phase  can  be  determined 
from  Eqs.  12  and  14,  respectively.  It  was  again  assumed  that  during  this 
phase,  a  linear  relationship  exists  between  the  maximum  values  of  the 
fixed-edge,  and  simply  supported  walls. 

Decaying  Phase.  The  determination  of  the  actual  resistance  developed 
by  a  two-way  action  unreinforced  concrete  or  masonry  unit  wall  during  the 
decaying  phase  is  a  complex  problem  for  which' no  experimental  data  exist. 
However,  limited  experiments  such  as  those  conducted  in  the  URS  shock 
tunnel  (Ref.  15)  provide  a  qualitative  picture  of  the  crack  patterns, 
although  no  mathematical  description  has  been  formulated.  Because  of 
the  lack  of  information,  it  has  been  necessary  to  base  the  development  of 
the  resistance  functions  primarily  on  engineering  judgment. 

For  unreinforced  one-way  action  walls,  the  resistance  function  was 


developed  by  establishing  the  internal  restoring  moments  resulting  from 
the  equilibrium  of  the  wall  system.  For  two-way  action,  the  use  of  the 
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equilibrium  of  forces  to  develop  the  resistance  function  is  less  clear, 
especially  for  the  determination  of  the  restoring  moment  along  a  diagonal 
crack.  As  a  cracked  two-way  action  wall  rotates  during  the  decaying  phase, 
slippage  and  shear  forces  of  unknown  magnitude  occur  between  the  various 
segments  that  cannot  be  rationally  accounted  for  in  the  equilil  rium  equa¬ 
tions.  This  necessitates  gross  simplifying  assumptions  that  cannot  be 
verified  without  additional  experimental  information. 

The  resistance  of  an  unreinforced  wall  during  the  decaying  phase 
results  from  the  vercical  forces  that  produce  a  restoring  moment  on  the 
wall.  For  a  wall  cracked  as  indicated  in  Figure  12,  the  development  of 
restoring  forces  on  a  vertical  section  through  the  horizontal  line  d-c 
is  fairly  straightforward.  However  for  a  vertical  section  such  as  A-A 
through  both  the  trapezoidal  and  triangular  portions,  an  accurate  descrip¬ 
tion  of  the  restoring  forces  would  include  shear  forces  between  segments 
and  account  for  any  change  in  relative  position  of  the  segments  with  in¬ 
creasing  deflection.  The  effect  of  side,  or  lateral,  restraint  on  a  wall 
panel  and  the  possible  development  of  arching  forces  between  adjacent 
panels  complicate  the  problem  further. 

For  this  study,  it  was  assumed  that  an  unreinforced  two-way  action 
wall  developed  its  resistance  during  the  decaying  phase  in  a  manner  anal¬ 
ogous  to  the  yield-line  theory  of  reinforced  concrete  slabs.  In  the  yield¬ 
line  theory,  it  is  assumed  that  the  reinforcing  steel  yields  where  it 
intersects  the  line  between  segments.  Tills  provides  the  basis  for  deter¬ 
mining  the  moment  capacity  for  each  yield  line  and  permits  a  solution  to 
be  obtained  for  the  load  capacity  c  '  the  slab.  For  a  cracked  unreinforced 
wall  panel,  the  resistance  or  restoring  mome..;:  results  from  the  vertical 
forces  on  the  segments,  rather  than  from  the  moment  resistance  developed 
between  segments.  However,  in  this  analysis,  it  was  assumed  that  the 
effect  of  the  restoring  forces  was  the  same  as  the  development  of  a 
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moment  resistance  across  yield  lioo«:  This  simnlifvi net  asauiaution  leads 


to  other  necessary  assumptions ,  -vhx  „h  are  mentioned  during  the  t.evelop- 
ment  of  the  resistance  function. 

Because  of  the  relative  change  ia  the  position  between  segments 
during  the  deflection  of  the  wall  shown  in  Figure  12,  a  solution  to  the 
problem  of  the  resistance  function  for  the  seconcary  phase  is  not  trac¬ 
table  without  considerable  simplification  of  the  actual  situation.  That 
is,  as  the  wall  panel  deflects  under  blast  loading,  either  the  upper  or 
lower  trapezoidal  segments  lose  contact  at  the  horizontal  line  d-c  in  the 
figure,  the  triangular  segments  move  laterally  outward  in  the  plane  of 
the  wall,  crushing  occurs  along  the  diagonals  similarly  to  that  in  arching 
walls,  or  some  combination  of  these  occurs.  Therefore,  since  sufficient 
experimental  information  was  not  available,  the  resistance  function  for 
the  secondary  phase  was  determined  for  the  deflection  ye  =  0,  and  it  was 
assumed  that  the  resistance  decayed  linearly  to  zero  at  the  maximum  de¬ 
flection  yf  =  t* ,  where  the  wall  segments  become  unstable  and  collapse 
occurs. 

After  a  two-way  action  unreinforced  concrete  or  masonry  unit  wall 
fails  in  the  initial  elastic  phase,  a  crack  pattern  is  developed  in  the 
wall  similar  to  that  shown  in  Figure  12.*  To  formulate  the  equations 
for  the  wall  resistance  in  the  secondary  phase,  it  was  assumed  that  the 
four  wall  segments  remained  in  contact  and  rotated  about  the  supports  as 
rigid  bodies.  It  was  also  assumed  that  the  lateral  restraint  provided 
by  the  adjacent  wall  panels  was  sufficient  to  develop  the  restoring  moment. 
Furthermore  it  was  assumed  that  the  shear  forces  at  the  cracked  lines 
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In  a  number  of  actual  air  blast  tests  on  brick  wall  panels,  simply 
supported  on  four  sides,  and  at  pressure  levels  well  in  excess  of  the 
incipient  collapse  pressure,  the  primary  crack  pattern  included  a 
rectangular  segment  near  the  center  of  the  panel  rather  than  a  single 
horizontal  crack  as  shown  in  Figure  12  (Ref.  15). 
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wore  internal  forces  that  did  not  affect  the  resrcixr.fi  moment.  Therefore, 
the  resistance  of  a  two-way  action  wall  was  elated  to  the  vertical  axial 
load,  the  wall  dead  load,  the  wail  dimensions,  the  deflection,  and  the 
crack  pattern. 

The  approach  used  in  this  study  was  (l)  to  determine  the  restoring 
moment  from  the  equilibrium  of  forces  on  each  wall  segment  and  (2)  to  use 
the  restoring  moment  in  the  work  equations  developed  from  the  concepts 
of  the  yield -line  theory. 

An  examination  of  the  vertical  restoring  forces  on  a  section  through 
the  lower  trapezoidal  wall  segment  A  on  Figure  13(a)  will  show  that  the 
restoring  moment  is  equal  to 


M 


=  y  )[2PV  +  (1  +  X)W] 


(21) 


where  X  is  the  proportion  of  the  wall  nanel  height  above  the  cracked 
section.  Since  along  line  d-c,  X  is  a  constant  equal  to  0.5,  and  since 
only  the  maximum  resistance  at  y  =  0  is  determined,  Eq.  21  becomes 


Ml  =  ~f  (4PV  +  3W) 


(22) 


which  is  assumed  to  be  equivalent  to  the  moment  resistance  for  the  lower 
segment  along  the  horizontal  cracked  line  d-c  in  Figure  12. 

Along  a  diagonal  crack,  such  as  c-a  in  Figure  12,  the  value  of  X 
increases  linearly  from  point  c  to  a.  The  restoring  moment  at  c  is  equal 
to  Eq.  22,  and  at  a,  for  X  =  1,  is  equal  to 


M,  =  t*(Pv  +  W) 


(23) 
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FIGURE  13  ASSUMED  VERTICAL  FORCES  ON  SEGMENTS  OF  TWO-WAY 
ACTION  UNREINFORCED  WALL 
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The  average  moment  resistance,  Ms ,  along  line  c-a ,  would  therefore  be 


Ml  ■+,«. 
2 


T<8P* 


In  a  similar  manner  the  restoring  moment  for  the  upper  segment  B  can 


be  determined  from  Figure  13(b)  to  be  equal  to 


M  =  {^T1)  (2pv  +  W 


which  for  line  d-c.  Figure  12,  with  X  =  0.5  and  y  =:  0,  becomes 


Jfe  =  ~  (4PV  +  W) 
4 


and  for  point  b,  with  X  =  G,  becomes 


Mb  =  t„PT 


The  average  moment  resistance,  ,  along  the  diagonal  line  c-b  would 
therefore  be 


%  =  -f  (8PV  +  W)  . 


To  develop  the  resistance  function  for  the  secondary  phase,  the 
work-energy  method  from  t»:e  yield-line  theory  for  reinforced  concrete 
slabs  was  used  (e.g. ,  Refs.  16  and  17).  For  rigid  body  rotation  of  the 
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segments,  the  work  done  can  be  found  by  multiplying  the  resisting  moment 
per  unit  length  normal  to  the  axis  of  rotation  by  the  angle  of  rotation, 
and  summing  over  the  length  of  the  segment.  The  work  done  by  the  restor¬ 
ing  moment  acting  on  segment  A  is 

WA  =  %  (I*  -  28Lh)6a  +  Ms(23Lm  )9a 

and  on  segment  B  is 

WS  =  14(1*  ~  2{3Lh  )9b  +M4(2eL„)eB 

Since  for  small  deflections 


9A  =  9s  = 


2yg 

L< 


then 


and 


WA  =  &fc(l  -  20)  +  2M2B] 


WB  =  CMa(l  -  20)  +  2Ma0] 

Mr 


(29) 


(30) 


Because  of  symmetry ,  the  work  done  by  the  restoring  moment  acting  on  the 
triangular  segments  is  equal,  and  since 


6.  -  e-  =  JL 


>o  = 
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then 


=  W.  = 


_  Lth. 

28Lh 


(M2  +  M*) 


The  total  work  done  on  the  wall  would  be 


0 


WT  =  WA+  Wg  +  Wc  f  WD 


which,  by  substitution  cf  Eqs,  29,  30,  and  31  becomes 


WT  =  2ya  =-  [(Mi  +  Afe)(l  -  20)  +  2j3(M2  +  M*)] 


+  (Ma +>u)l  * 


(: 


The  energy  input  for  a  uniform  load,  q,  can  be  determined  by  multi¬ 
plying  the  total  load  acting  on  the  segment  by  the  deflection  at  the 
center  of  gravity  of  the  load  on  the  segment.  The  energy  input  for  the 
various  wall  segments  shown  on  Figure  12  is 

E*  *  *  ■  «(i (%)♦*■ 


or 


Ea  =  Eb 


srjJsJsi 


(3  -  48) 


V 


or 


EC  =  E„  .  SZ^SjM  .  (34) 

The  total  energy  input  of  the  load  would  be 

E7  —  E*  +  Ea  +  Ef  +  E0 

which,  by  substitution  of  Eqs.  33  and  34  becomes 

E  _  (3  -  2p)  .  (35) 

*  6 

Since  the  total  work  done  equals  the  total  energy  input 

wT  «  e7 

which,  by  substitution  of  Eqs.  32  and  35  and  solving  for  the  wall  resis¬ 
tance,  yields 

q  =  i?(3'-  20)  [(Ml  +  Ma)(1  '  20)  +  <“2  +  M*)  (2P  +  ^)]  * 

(36) 

By  substituting  the  various  moments  into  Eq.  36,  the  maximum  resistance 
(at  y„  =  0)  for  the  secondary  phase  for  a  two-way  action  unreinforced 
concrete  or  masonry  unit  wall  is  found  to  be 
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Tc  obtain  a  solution  to  t he-  above  resistance  function ,  the  length 
coefficient,  3,  must  be  determined.  However,  the  solution  to  the  cubic 
equation  for  3,  derived  for  the  unreinforced  wall  without  arching,  depends 
on  the  ratio  of  the  height  to  width  of  the  wall,  the  deflection  of  the 
wall  during  the  rotational  phase,  and  the  magnitude  of  the  vertical  in- 
plane  forces. 

The  dependence  of  the  coefficient  3  on  the  ratio  I y  Am  presents  no 
special  problem,  since  the  cubic  equation  can  readily  be  solved  for 
0  £  LyAw  5  1.  The  dependence  of  the  coefficient  3  on  the  wall  deflec¬ 
tion  implies  that  the  length  3Lh  varies  with  the  rotation  of  the  wall 
segments,  which,  of  course,  cannot  occur  after  formation  of  the  initial 
crack  in  an  unreinforced  wall.  The  problem  of  defining  the  coefficient  fi 
is  therefore  a  problem  of  determining  the  initial  crack  pattern  at  the 
end  of  the  initial  elastic  phase  of  response.  However,  this  is  compli¬ 
cated  by  the  influence  of  the  vertical  forces,  which  results  in  a  unique 
solution  of  the  coefficient  for  each  value  of  the  load  Pv.  Since  there 
is  no  general  solution  for  8  in  terms  of  the  length  ratio  I* Am  *  it  was 
assumed  in  this  study  that  the  liquation  derived  by  the  yield-line  analysis 
for  isotropic  reinforced  concrete  slabs  in  Ref.  17  was  applicable  for  un¬ 
reinforced  masonry  or  concrete  walls  without  arching,  i.e.: 


s  -  i[M + iuf -  fefj  • 


For  computational  purposes,  the  maximum  resistance  %  during  the 
decaying  phase  was  determined  for  the  case  ye  =0,  and  it  was  assumed 
that  the  resistance  decayed  linearly  to  zero  at  the  maximum  deflection 
yf  =  t* ,  as.  shown  on  Figures  6  and  7.  However,  lor  an  actual  wall,  the 
decaying  phase  is  not  initiated  until  after  the  wall  fails  in  the  elastic 
phase,  which  occurs  when  the  deflection  reaches  the  maximum  elastic 


deflection  yd.  The  maxinun  resistance  during  the  decaying  phase  is  thus 
equal  to 

^2  =  floC1  ”  y«/t«)  (39) 

where  q,  is  given  by  Eq.  37, 

Since  the  method  of  determining  the  resistance  curves  for  the  elastic 
and  decaying  phases  generally  results  in  a  discontinuity,  an  assumption 
regarding  the  transition  between  the  two  phases  was  required.  For  the 
case  where  the  maximum  decaying  resistance  is  less  than  the  ultimate 
elastic  resistance,  the  resistance  function  is  assumed  to  decrease  to 
the  decaying  resistance  function,  as  shown  by  the  vertical  dashed  tran¬ 
sition  line  in  Figures  6  and  7.  For  the  case  where  the  maximum  decaying 
resistance  is  greater  than  the  maximum  elastic  resistance,  the  elastic 
resistance  is  assumed  to  increase  linearly  until  it  intersects  the  decay¬ 
ing  resistance  function,  as  shown  by  the  upper  dashed  transition  line  in 
Figures  6  and  7.  In  an  actual  case  the  resistance  function  would  exhibit 
a  smooth  transition  between  the  two  phases,  rather  than  as  used  m  the 
mathematical  models  herein.  The  error  is  assumed  to  be  minor,  however. 


Unreinforced  Concrete  or  Masonry  Unit  Wall  (With  Arching) 


In  Ref.  1,  the  arching  theory  was  developed  for  one-way  behavior  of 
walls  constrained  between  rigid  supports  at  top  and  bottom.  This  theory 
may  be  extended  to  include  two-way  arching  of  walls  that  are  restrained 
between  rigid  supports  on  all  four  edges.  Since  the  tensile  strength  of 
the  masonry  material  is  neglected,  two-way  arching,  as  was  also  the  case 
for  one-way  arching,  is  independent  of  the  type  of  support  conditions, 
rather  depending  only  on  the  rigidity  of  the  supports  against  in-plane 
motion.  For  two-way  arching,  only  the  case  of  rigid  supports  is 
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considered,  whereas  for  c.ie-way  arching  the  effect  of  elastic  supports 
was  also  examined. 

Resistance  Function 

In  the  development  of  one-way  arching,  the  wall  was  assumed  to 
crack  at  midspan,  with  the  resulting  two  halves  rotating  as  rigid  bodies 
about  their  supports.  However,  two-way  wall  tests  (Refs.  18  and  19)  have 
shown  that  masonry  walls  restrained  on  four  sides  crack  in  a  four-segment 
pattern  similar  to  that  shown  in  Figure  12.  During  subsequent  motion 
each  of  two  triangular  and  two  trapezoidal  segments  thus  formed  is  assumed 
to  rotate  as  a  rigid  body  about  its  "upport.  These  segments  become  wedged 
into  the  opening,  and  compressive  or  arching  forces  are  developed  in  the 
vertical  and  horizontal  directions  as  the  wall  deflects  laterally.  Be¬ 
cause  of  the  compressive  forces,  couples  are  developed  that  resist  the 
rigid  body  rotation. 

This  behavior  is  similar  to  that  previously  assumed  for  the  decaying 
phase  of  two-way  unreinforced  walls  without  arching.  One  primary  dif¬ 
ference,  however,  is  chat  for  the  arching  case  the  resistance  is  developed 
as  a  result  of  the  in-plane  compressive  forces,  whereas  for  the  nonarching 
case  it  is  due  to  the  vertical  load. 

Because  of  the  similarity  between  these  two  cases,  the  approach 
used  to  determine  the  decaying  resistance  for  the  two-way  unreinforced 
wall  without  arching  was  extended  to  the  arching  case.  This  approach 
was  (l)  to  determine  the  distribution  of  the  resisting  moment  on  each 
wall  segment  and  (2)  to  use  this  resisting  moment  in  the  work  equations 
developed  from  the  concepts  of  yield-line  theory  of  reinforced  concrete 
slabs. 

In  yield-line  theory,  the  resisting  moment  across  the  yield  lines 
is  developed  as  a  result  of  yielding  of  the  reinforcing  steel.  In  the 
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case  of  arching  walls,  however,  this  resisting  moment  is  a  result  of  com¬ 
pressive  forces  being  developed  in  the  plane  of  the  wall  because  of  the 
resistance  of  the  supports  to  outward  motion.  In  the  analysis  in  this 
study,  it  was  assumed  that  the  effect  of  the  resisting  moment  resulting 
from  the  compressive  forces  was  analogous  to  the  development  of  a  moment 
resistance  across  the  yield  lines. 

The  magnitude  of  the  resisting  moment  acting  on  the  segments  can  be 
determined  from  the  corresponding  resistance  curves  for  one-way  arching. 
These  curves  are  shown  in  Figure  14  for  the  cases  of  a  solid  and  a  hollow 
unreinforced  masonry  wall  with  rigid  supports  at  top  and  bottom.  The 
corresponding  expressions  for  the  resisting  moment  are  summarized  from 
Ref.  1  as  follows: 

Solid  wall: 

a  =  (y1)  y  0  5  y  *  y?  (40) 

m  =  \  *■  (%  -  y)8  y*  5  y  *  yf  (4i) 

where 


My  =  \  -  .Vy)3  (42) 
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FIGURE  14  RESISTING  MOMENT  FOR  ONE-WAY 
ARCHING  OF  UNREINFORCED 
MASONRY  WALLS  WITH  RIGID 
SUPPORTS 


Hollow  wall: 


£ 


M  =  (y  /  y  C  5  y  5  yy  (44) 

M  =  f 'tf(t¥  -  tf  -  y)  yy  <.  y  £  (tM  -  2tf)  (45) 

M  =  '  (tM  -  y)2  (tM  -  2tf)  <y<t,  (46) 


where 


My  =  f.Vt,  -  yy  -  tf)  (47) 

Mf  =  f„'t^  .  (48) 


Thus,  along  the  horizontal  cracked  center  line  d-c.  Figure  12,  the 
resisting  moment  %  normal  to  the  horizontal  axis  of  rotation  is  given  by 
Eqs.  40  to  48  with  y  =  ye . 

Along  the  diagonal  c-a ,  the  resisting  moment  per  unit  width  dx  normal 
to  the  norizontal  axis  of  rotation  is  M  dx,  where  M  is  a  function  of  the 
deflection  along  the  diagonal.  The  average  resisting  moment,  M2 ,  along 
the  diagonal  can  thus  be  obtained  by  integrating  from  0  to  0L„  and  dividing 
by  the  total  length  BL„,  or 


Mg  = 


M  dx 


(49) 


where  M  is  given  by  Eqs.  40  to  48. 


4b 


The  deflection  along  the  diagonal  increases  linearly  from  zero  at 
poi»t  a  to  ye  at  point  c  and  is  given  by 


(50) 


(51) 


Substituting  Eq.  51  into  Eq.  49  and  making  the  appropriate  changes  in 
the  limits  of  integration,  M2  can  be  rewritten  as 


1 

»»s  =  —  J*  M<Jy  • 

^  a  0 


The  integral  in  Eq.  52  is  equal  to  the  area  under  the  resistance  curve 
between  y  =  0  and  y  =  yc  .  Substituting  the  corresponding  value  of  M  from 
Eqs.  40  to  48  into  Eq.  52,  and  performing  the  integration,  the  following 
expressions  for  Ma  are  obtained: 


In  performing  the  integration,  the  resisting  moment  M  was  assumed  to 
vary  in  proportion  to  the  deflection  along  the  diagonal.  However,  for 
deflections  less  than  yy  ,  M  will  be  slightly  different  since  the  value 
cf  yy  and  therefore  of  My  vary  along  the  diagonal.  This  results  in  a 
nonlinear  variation  of  M  for  y  <  yy  rather  than  the  linc-r  variation 
assumed.  Thus  the  value  of  Mg  vill  be  slightly  less  than  tnzt  given  in 
Eqs.  53  and  57.  The  difference  is  believed  to  be  minor,  however. 
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Using  the  same  procedure  for  the  triangular  segments  as  for  the 
trapezoidal  segments,  it  can  be  shown  that  along  the  diagonals  c-a  and 
c-b,  Figure  12,  the  average  resisting  moment  normal  to  the  vertical  axis 
of  rotation  is  also  equal  to  M2. 

Substituting  Eqs.  58  and  59  into  Eq.  32,  the  total  work  done  on  the 
wall  by  the  resisting  moments  is  found  to  be 

W T  =  2yc  j*-  J2M1  ( 1  -  23)  +  gM2|4  +(^)8]J  (60) 


The  total  energy  input  resulting  from  the  uniform  load  q  on  the  wall  is 
again  given  by  Eq.  35: 


Et  = 


qyeL;i* 


(3  -  2g) 


Equating  the  total  work  done  to  the  total  energy  input  and  solving 
for  the  resistance  of  two-way  walls  with  arching  yields 

-  -  itfs1-  26)  h<*  -  2e> + *.[«  ♦  (£)  1  <6i> 

where  the  value  of  %mis  given  by  Eqs.  40  to  48,  using  y  =  y„  -  and  the 
value  of  M2  is  given  by  Eqs.  53  to  57. 

To  obtain  a  solution  to  the  above  resistance  function  again  requires 
the  determination  of  the  coefficient  3.  As  discussed  for  the  decaying 
phase  of  unreinforced  masonry  walls  without  arching,  the  problem  of  de¬ 
fining  the  coefficient  3  is  actually  a  problem  of  determining  the  initial 
crack  pattern  that  develops  at  the  end  of  the  elastic  phase.  The  value 
of  3  thus  depends  on  the  distribution  of  the  resisting  moment  during  the 
elastic  phase.  If  it  is  assumed  that  the  resisting  moment  is  uniformly 


52 


Si 
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aistriouceQ  along  uit?  uxagonal,  an  i8  the  Ca5@  fox  isotropic  roi nf orccd 
concrete  slabs,  the  value  of  0  given  by  Eq.  38  is  obtained  as  follows: 

e  ■  i  L Muf  +(£)4  -  fef]  <38' 

Because  a  sensitivity  study  using  different  assumptions  for  the  distribu¬ 
tion  of  the  resisting  moment  showed  little  difference  in  the  final  results, 
it  was  assumed  that  the  value  of  0  given  by  Eq.  38  was  applicable  for  un¬ 
reinforced  masonry  walls  with  arching. 

Using  the  above  results,  a  typical  resistance  curve  was  determined 
for  an  unreinforced  masonry  wall  rigidly  supported  against  in-plane  move¬ 
ment  on  four  edges.  This  curve  is  shown  in  Figure  15.  As  can  be  seen, 
the  two-way  resistance  function  indicates  substantial  resistance  remain¬ 
ing  at  a  deflection  equal  to  the  thickness  of  the  wall.  Since  at  this 
point  the  segments  no  longer  remain  in  contact  along  the  central  portion 
of  the  wall,  it  is  believed  that  the  wall  would  become  unstable.  This 
makes  questionable  the  use  of  the  indicated  resistance  for  deflections 
greater  than  the  wall  thickness.  Therefore,  it  was  decided  to  disregard 
this  portion  of  the  resistance  function  and  decrease  the  resistance 
abruptly  to  zero  when  the  deflection  reaches  the  wall  thickness.  This 
is  indicated  by  the  dashed  line  shown  in  Figure  15. 

Reinforced  Concrete  Wall 

In  general,  for  reinforced  concrete  walls,  the  moment  capacity  is 
not  constant  throughout  the  wall.  However,  to  simplify  the  determination 
of  the  resistance  function,  the  study  was  restricted  to  walls  in  which 
the  moment  capacity  is  uniform  along  the  vertical  and  horizontal  direc¬ 
tions,  although  not  necessarily  the  same  in  both  directions.  This  applies 
to  both  positive  and  negative  moment  capacity.  It  was  further  assumed 
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MIDSPAN  DEFLECTION  —  inch 


FIGURE  15  TYPICAL  RESISTANCE  FUNCTION  FOR 
UNREINFORCED  MASONRY  WALL  WITH 
TWO-WAY  ARCHING 
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that  the  negative  moment  capacity  along  opposite  edges  of  the  wall  is 
the  same,  which  will  generally  be  the  case  for  the  doubly  symmetrical 
support  conditions  considered.  Using  these  assumptions,  the  resistance 
of  the  wall  can  be  fully  defined  by  specifying  the  moment  capacities  at 
the  following  locations: 

Section  1 — Positive  moment  capacity  per  unit  width  at  center 
of  vertical  span 

Section  2 — Positive  moment  capacity  per  unit  width  at  center 
of  horizontal  span 

Section  3 — Negative  moment  capacity  per  unit  width  along 
horizontal  edges 

Section  4 — Negative  moment  capacity  per  unit  width  along 
vertical  edges. 

The  method  used  in  this  study  to  identify  the  moment  capacity  at 
these  locations  includes  moment  key  lines,  as  shown  in  Figure  16.  These 
moment  key  lines  indicate  the  moment  per  unit  width  perpendicular  to  the 
direction  indicated  by  the  line.  The  subscript  number  shown  in  Figure  16 
corresponds  to  the  appropriate  section  indicated  above.  The  moment  ca¬ 
pacity  corresponding  to  the  uncrecked  or  cracked  section  is  indicated  by 
an  additional  subscript  m  or  u,  respectively.  Thus,  the  notation  14  2 
indicates  the  positive  moment  capacity  for  the  uncracked  section  at  the 
center  of  the  horizontal  span.  The  moment  capacities  of  the  uncracked 
and  cracked  sections  are  determined  using  the  equations  previously  devel¬ 
oped  for  one-way  walls  in  Appendix  A  of  Ref.  1. 

Resistance  Function 

Development  of  the  two-way  resistance  function  for  reinforced  con¬ 
crete  walls  was  restricted  to  the  four  support  cases  considered  previously 
for  the  unreinforced  walls.  Note  that  each  of  these  support  cases  is 
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Moment  key  lines  indicate  the  moment  capacity  per  unit 
length  perpendicular  to  these  lines  (solid— positive  moment; 
clashed — negative  moment) 


FIGURE  16  WALL  AND  MOMENT  KEYLINE  NOTATION 


symmetrical  about  the  center  line  in  both  directions  and  that  for  a  simply 
supported  edge  the  moment  capacity  is  zero. 

As  in  the  analysis,  of  one-way  reinforced  concrete  walls  (Ref.  l) , 
the  resistance  function  is  divided  into  the  following  four  phases,  as 
illustrated  in  Figures  17  and  18: 

1.  Elastic,  uncracked  phast__ 

2.  Elastic,  cracked  phase 

3.  Elasto-plastic  phase* 

4.  Plastic  phase. 

For  two-way  walls,  these  phases  are  defined  as  follows. 

The  elastic,  uncracked  phase  exists  until  formation  of  the  first 
crack.  This  phase  is  included  since,  as  discussed  in  Ref.  1,  for  lightly 
reinforced  concrete  w_lls ,  the  uncracked  section  may  provide  a  greater 
moment  resistance  than  the  cracked  section,  as  noted  by  the  dashed  lines 
in  Figures  17  and  18.  The  elastic,  cracked  phase  exists  from  the  first 
crack  until  development  of  the  plastic  moment  at  the  location  correspond¬ 
ing  to  the  first  crack.  The  elasto-plastic  phase  exists  from  the  initial 
development  of  the  plastic  moment  along  the  fixed  edges  until  full  devel¬ 
opment  of  the  plastic  moment  along  all  yield  lines,  at  which  point  the 
plastic  phase  is  initiated.  The  plastic  phase  exists  until  the  wall 
collapses. 

The  procedures  used  to  obtain  the  resistance  function  required  the 
establishment  of  the  maximum  resistance  and  deflection  for  each  of  these 
phases.  It  was  then  assumed  that  a  linear  relationship  existed  between 
the  maxima.  During  the  elastic  and  o-lasto-plastic  phases,  the  wall  was 
assumed  to  behave  as  an  elastic,  homogeneous  plate,  the  behavior  of  which 


No  felasto-pla?ric  phase  exists  for  Support  Case  1. 
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FIGURE  17  RESISTANCE  FUNCTION  FOR  A  TWO-WAY  ACTION 
REINFORCED  CONCRETE  WALL 
SUPPORT  CASE  1 


has  been  discussed  previously  in  the  development  of  the  resistance  func¬ 
tion  for  unreinforced  masonry  walls  without  arching.  In  determining  the 
maximum  deflection  for  the  elastic,  uncracked  phase,  the  uncracked  moment 
of  inertia  was  used,  while  for  the  elastic,  cracked  phase,  the  cracked 
moment  of  inertia  was  used.  In  determining  the  cracked  moment  of  inertia, 
it  was  assumed  that  the  wall  was  uniformly  cracked  throughout.  Although 
it  is  well  known  that  tensile  cracking  in  reinforced  concrete  members 
under  flexural  loads  is  not  uniformly  distributed,  the  error  in  the 
magnitude  of  the  deflection  resulting  from  this  assumption  is  not  too 
important  for  the  prediction  of  wall  collapse.  The  resistance  during 
the  plastic  phase  was  determined  through  use  of  the  yield-line  theory. 

The  resistance  functions  for  walls  with  and  without  a  vertical  load 
are  presented  separately. 

Wall  Without  Vertical  Axial  Load.  The  four  phases  of  the  resistance 
function  for  reinforced  concrete  walls  without  vertical  in-plane  forces 
is  as  follows. 

Elastic,  Uncracked  Phase 

The  maximum  resistance  in  the  initial,  or  uncracked,  elastic 
phase  is  reached  when  the  maximum  moment  in  the  wall  reaches  the  ultimate 
uncracked  moment  capacity.  For  a  uniformly  distributed  load,  this  maxi¬ 
mum  moment  is  given  by  Eqs.  2  and  8: 

Mj  =  BtqLv  ,  i  =  1;2,3,4  (62) 

where  the  subscript  i  corresponds  to  the  support  case  and  the  subscript  j 
corresponds  to  the  location  at  which  the  moment  occurs.  For  the  case 
where  L*  >  Lv  ,  this  location  is  as  follows: 
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Support  Case  1 — Section  1 
Support  Case  2 — Section  3 
Support  Case  3 — Section  4 
Support  Case  4 — Section  3 

Values  of  the  numerical  factor  B  are  plotted  against  the  ratio  Lh/j uy  in 
Figure  8. 

The  ultimate  moment  capacity  for  the  uncracked  section  is 

given  by 


(63) 


The  value  of  I(  is  essentially  constant  throughout  the  wall,  varying  only 
slightly  because  of  differences  in  the  amount  and  location  of  the  steel 
reinforcement.  Thus  the  value  of  Mj  may  be  assumed  to  be  the  same  through¬ 
out  the  wall. 

Substituting  for  Mj  in  Eq.  62,  the  maximum  resistance  during 
the  elastic,  uncracked  phase  is  given  by 


i  =  1,2,3, 4 


(64) 


The  maximum  deflection  for  the  elastic,  unpacked  phase  is  given 
by  Eqs.  6  and  11: 


where  values  of  the  numerical  factor  A  are  plotted  against  the  ratio  I^Ar; 
in  Figure  9. 
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Elastic,  Cracked  Phase 


For  Support  Case  1,  the  maximum  resistance  in  the  elastic, 
cracked  phase  is  equal  to  the  ultimate  resistance  of  the  wall.  Thus,  for 
Support  Case  1 

q3  =  qu  (S8) 

where  the  value  of  qu  is  determined  in  a  later  subsection. 

The  maximum  resistance  in  the  elastic,  cracked  phase  for 
Support  cases  2,3,  and  4  is  reached  when  the  ultimate  cracked  moment 
capacity  is  reached  at  the  location  corresponding  to  the  first  crack. 
Using  Method  3  of  the  design  of  two-way  slabs  given  in  the  ACI  Building 
Code  (Ref.  20)  the  maximum  moment  is  given  by 

Mj  =  Ciql£  ,  i  =  2,3,4  (67) 

where  C  is  a  numerical  factor  depending  on  the  support  conditions  and  the 
ratio  Lh /Ly .  Values  of  C  are  given  in  Figure  19. 

The  ultimate  moment  capacity  for  the  cracked  section,  Mu,  can 
be  determined  from  the  formulas  presented  in  Appendix  A  of  Ref.  1.  Sub¬ 
stituting  the  ultimate  moment  capacity  at  section  j  for  Mj  in  Eq.  67,  the 
maximum  resistance  for  the  elastic,  cracked  phase  for  Support  Cases  2, 

3,  and  4  is 

q,  =  ,  i  =  2,3,4  (68) 

Cj  Ly 

The  maximum  deflection  for  the  elastic  cracked  phase  is  found 
from  Eq.  65  by  substituting  q2  for  qj  and  using  the  moment  of  inertia 
for  the  cracked  section,  thus  obtaining 
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1,2, 3, 4 


(69) 


Elasto-Plastic  Phase 

The  elasto-plastic  phase  occurs  for  walls  having  one  or  more 
fixed  edges,  i.e. ,  Support  Cases  2,  3,  and  4  in  this  study.  After  the 
ultimate  cracked  moment  capacity  is  reached  along  the  fixed  edges,  the 
wall  continues  to  deflect,  thus  developing  an  additional  resistance  as 
a  result  of  the  simply  supported  wall  action.  The  maximum  elasto-plastic 
resistance  is  developed  when  the  wall  reaches  its  ultimate  resistance, 
as  determined  in  the  following  subsection.  The  additional  resistance  de¬ 
veloped  during  the  elasto-plastic  phase  is  thus  given  by 

Aq  =  qu  -  q2  .  (70) 

Since  during  the  elasto-plastic  phase  the  wall  deflects  as  if 
it  were  simply  supported  on  four  sides,  the  additional  deflection  can 
be  determined  from  Eq.  69  by  substituting  i  «  1  (corresponding  to  Support 
Case  l).  The  following  equation  is  thus  obtained  for  the  deflection 
during  this  phase: 


*  Although  yielding  may  not  yet  have  occurred  along  all  four  edges  for 
Support  Case  2  (fixed  on  four  edges)  the  additional  deflection  was 
determined  as  if  all  edges  had  yielded. 
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The  deflection  at  ultimate  resistance  is  thus  given  by  the  sum  of  the 
deflection  during  the  elastic  and  elasto-plastic  phases,  or 

yu  -  Vz  +  Ay  .  (72) 

Substituting  for  y2  and  Ay  from  Eqs.  69  and  71,  respectively,  the  deflec¬ 
tion  at  ultimate  resistance  for  Support  Cases  2,3,  and  4  is 


For  Support  Case  1  no  elasto-plastic  phase  exists,  thus  for  this  case 
the  deflection  at  ultimate  resistance  is  given  by  Eq.  69. 

Plastic  Phase 

The  plastic  phase  is  initiated  with  the  full  development  of 
the  plastic,  or  ultimate  cracked,  moment  along  all  assumed  yield  lines. 
Yield  lines  are  assumed  to  form  in  one  of  the  two  collapse  modes  shown 
in  Figure  20.  In  most  cases  of  interest,  collapse  mode  "a"  will  occur. 
Thus  for  the  sake  of  clarity,  it  will  be  the  only  one  discussed  in  this 
section.  Collapse  mode  'V  is  discussed  in  Appendix  B. 

The  ultimate  resistance  for  a  rectangular,  orthogonally  iso¬ 
tropic  reinforced  concrete  wall  subjected  to  a  uniformly  distributed 
lateral  load  can  be  determined  from  the  following  equation,  given  in 
Ref.  17: * 


Notation  changed  to  conform  to  that  used  in  this  study. 
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(b)  Collapw  Mod*  "b" 


NOTATION: 


Positive  Yield  Line 
Negative  Yield  Line 


FIGURE  20  ASSUMED  COLLAPSE  MODES  (YIELD  LINES) 
FOR  REINFORCED  CONCRETE  WALL 


This  equation  is  ..lid  for  simply  supported  or  fixed  edges.  A  simply 
supported  edge  may  be  indicated  by  setting  the  value  oi  the  correspond¬ 
ing  moment  capacity  to  zero. 

Solving  Eq.  74  for  the  ultimate  resistance,  the  following  equa¬ 
tion  is  obtained: 


The  value  of  the  numerical  factor  0,  which  defines  the  location  of  the 
yield  lines,  is  given  by 


P 


1 

2  Mu1Y!\I m) 


(76) 


For  the  assumption  of  collapse  mooe  "a”  to  be  valid,  0  must  be  less 
than  or  equal  to  0.5.  If  this  is  not  the  case,  the  preceding  equations 
are  invalid  and  the  corresponding  equations  for  qu  and  S  derived  in 
Appendix  B  should  be  used  in  place  of  Eqs,  75  and  76. 


Wall  With  Vertical  Axial  Load.  The  four  phases  of  the  resistance 
function  for  reinforced  concrete  walls  with  vertical  load  are  presented 
below.  The  vertical  load  was  assumed  to  act  as  an  axial  load  in  the 
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plane  of  the  wail;  and  the  effect  of  an  initial  eccentricity  of  the  load 
was  not  considered  in  determining  either  the  wall  deflection  or  resistance. 

Elastic,  Uncracked  Phase 

The  maximum  resistance  in  the  elastic,  uncracked  phase  for  a 
wall  with  vortical  axial  load  can  be  obtained  from  Eq.  64,  substituting 
Bvl  for  Bt  , 


<h 


i  =  1,2 ,3,4 


(77) 


The  numerical  factor  Bv  is  given  by  Eq.  13  for  Support  Case  1  and  by 
Eq.  17  for  Support  Cases  2,3,  and  4.  Values  of  Bvl  are  also  plotted  in 
Figure  10.  The  ultimate  uncracked  moment  capacity  is  given  by 


The  corresponding  maximum  deflection  for  the  elastic,  uncracked 
phase  is  obtained  from  Eq.  65  by  substituting  Arl  for 


yi 


(1  -  V3  )A„1  OlLy 
El, 


i  =  1,2, 3,4 


(79) 


The  numerical  factor  Av  is  given  by  Eq.  15  for  Support  Case  1  and  by 
Eq,  19  for  Support  Cases  2,  3,  and  4.  Values  of  Avl  are  also  plotted  in 
Figure  11. 
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Elastic  Crscksd  Pliaso 

For  Support  Case  1,  the  maximum  resistance  for  the  elastic, 
cracked  phase  of  the  wall  with  vertical  load  is  again  given  by  Eq.  66. 
However,  in  determining  the  ultimate  resistance,  qu ,  the  vertical  axial 
load  must  be  taken  into  consideration.  This  effect  is  .'iscussed  in  a 
later  subsection. 

For  Support  Cases  2,  3,  and  4,  as  was  the  case  for  the  elastic, 
uncracked  phase,  no  information  was  found  concerning  walls  with  fixed 
edges  subjected  to  combined  uniform  lateral  load  and  uniform  compressive 
axial  forces.  Therefore,  the  approximate  procedure  used  to  determine  Bv 
for  Support  Cases  2,  3,  and  4  was  extended  to  determine  the  numerical 
factor  Cv.  That  is,  it  was  assumed  that  the  ratio  of  the  moment  coeffi¬ 
cients  for  the  wall  with  and  without  vertical  axial  load  was  the  same 
lor  both  the  elastic,  uncracked  and  elastic,  cracked  phases.  Therefore: 


Since  the  ratio  was  assumed  to  be  the  same  for  each  of  the  four 

support  cases,  as  expressed  by  Eq.  16,  this  equation  can  be  rewritten  as 


where  values  of  the  numerical  coefficients  Bj  and  Bvl  are  given  in 
Figure  19. 
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The  maximum  resistance  in  the  elastic,  cracked  phase  for  Sup¬ 
port  Cases  2,  3,  and  4  can  now  be  determined  by  substituting  Cv{  for  C‘t 
in  Eq.  68,  thus  obtaining 


9s 


M.jj 

CvtL? 


i  =  2,3,4 


(82) 


The  maximum  deflection  during  the  elastic,  cracked  phase  is 
given  by  Eq.  69,  substituting  Avl  for  At : 


y2 


(l  •  V  )Av<Ly 
EIe 


9s 


i  =  2,3,4 


(83) 


Elasto-Plastic  Phase 

The  maximum  elasto-plastic  resistance  for  a  wall  with  vertical 
axial  load  is  developed  when  the  wall  r«w»cae»i  its  ultimate  resistance. 
Thus,  the  additional  resistance  developed  during  the  elrsto-plastic  phase 
for  Support  Cases  2,  3,  and  4  is  equal  to  the  ultimate  resistance  minus 
the  maximum  resistance  during  the  elastic,  cracked  phase,  or 

^q  “  Qu  -  q2 

The  value  of  qn  is  discussed  in  the  following  subsection. 

As  for  the  wall  without  vertical  load,  the  maximum  deflection 
at  the  development  of  the  ultimate  resistance  is  the  sum  of  the  deflec¬ 
tion  during  the  elastic  and  elasto-plastic  phases.  Since,  during  the 
elasto-plastic  phase,  the  wall  is  again  assumed  to  deflect  as  a  wall 
simply  supported  on  four  sides,  the  additional  deflection  is  equal  to 
that  given  by  Eq.  83  with  subscript  i  =  1 


.  V  J I  1 1*  .w.  p. 
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Substituting  Eqs.  83  and  84  into  Eq.  72,  the  deflection  at  development 
of  the  ultimate  resistance  for  Support  Cases  2,3,  and  4  is  given  by 
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yu  = 


=  (i  rJM  (A  lQa  . 
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i  -  2,3,4 


(85) 


Since  no  elasto-plastic  phase  occurs  for  Support  Case  1,  the  deflection 
at  ultimate  resistance  can  be  obtained  from  Eq.  83  by  substituting  qu  and 
yu  for  qg  and  ys ,  respectively . 

Plastic  Phase 

The  resistance  during  the  plastic  phase  for  walls  with  vertical 
load  was  determined  using  yield-line  theory.  It  was  assumed  that  the 
vertical  load  had  no  effect  on  the  location  at  which  the  yield  lines 
formed;  therefore,  the  two  collapse  modes  previously  assumed  for  the  wall 
without  vertical  load  are  the  same  for  the  wall  with  vertical  load.  These 
two  collapse  modes  are  shown  on  Figure  20.  Again,  since  collapse  mode  "a" 
is  the  one  that  usually  occurs,  it  will  be  the  only  one  discussed  in  this 
section.  For  the  cases  where  collapse  mode  "b"  does  occur,  the  equations 
derived  in  Appendix  B  for  qu  and  B  may  be  substituted  in  the  following 
equations. 

Although  the  vertical  load  is  assumed  not  to  affect  the  location 
of  the  yield  lines,  its  influence  must  be  considered  in  determining  the 
value  of  the  corresponding  resistance.  The  effect  of  the  vertical  load 
can  be  interpreted  as  resulting  in  two  compensating  effects:  (l)  the 
resistance  is  increased  because  the  ultimate  moment  capacity  along  the 
yield  lines  is  increased  and  (2)  the  resistance  is  decreased  because 
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wall  deflecting.  The  first  of  these  effects,  the  increase  in  the  ultimate 
moment  capacity,  is  taken  into  consideration  in  the  formulas  presented  in 
Appendix  A  of  Ref.  1.  The  second  effect,  the  increase  in  the  moment  act¬ 
ing  along  the  yield  line,  is  given  by 

Mv  =  Pvy*vg  (86) 


where  Mv  is  the  average  moment  as  a  result  of  P¥  acting  along  the  yield 
line  and  y4VE  is  the  average  deflection  along  the  yield  line. 

At  the  initial  development  of  the  yield  lines,  the  deflection 
of  the  wall  is  still  predominantly  elastic.  Thus,  the  deflection  along 
the  yield  lines  is  assumed  to  vary  parabolically  from  the  supports  to  the 
center  of  the  wall.  The  average  deflection  along  the  yield  line  at  the 
beginning  of  the  plastic  phase  can  thus  be  related  to  the  center  deflec¬ 
tion  by  the  following  equation: 

y»vg  =  0.66  ye  .  (87) 

Substituting  Eq.  87  into  Eq.  86,  the  following  equation  for  Mv  at  the 
beginning  of  the  plastic  phase  is  obtained: 

Mv  =  0.66  P„ye  .  (88) 


A  limited  study  based  on  the  deflected  shape  given  in  Ref.  14  for  a 
plate  simply  sup  orted  on  four  edges  and  subjected  to  a  combined 
uniform  lateral  load  and  uniform  compressive  axial  forces  along  the 
horizontal  edges  indicated  values  for  the  ratio  y,»g/y0  to  be  some¬ 
what  less  than  that  obtained  using  the  assumption  of  a  parabolic  dis¬ 
tribution.  The  difference  is  believed  to  be  minor,  however,  in  view 
of  the  other  assumptions  concerned. 
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The  effect  of  this  moment  or.  the  ultimate  resistance  can  be 
determined  by  noting  that  Mv  acts  directly  opposite  to  the  resisting 
moment,  thereby  reducing  the  ultimate  resistance.  This  effect  is  taken 
into  consideration  by  subtracting  Mv  from  Mttlin  Eq.  74  and  solving  for  qu 
which  yields 


6y?(Mui  -  Mv) 


\F'  (ib)(^s  - 


\L1Y1  / 


(89) 


Introducing  the  coefficient  Cu,  this  equation  can  be  rewritten  as 


qu  —  Cu(Muj  —  M,, ) 


(90) 


where 


Substituting  the  value  of  from  Eq.  88  into  Eq.  90  and  noting 
that  at  the  beginning  of  the  plastic  phase  ye  =  yu,  the  following  equa¬ 
tion  is  obtained: 


t|u  —  —  0,66  Pvyu)  .  (92) 

This  equation  cannot  be  solved  explicitly  for  qu  since  y„  is  dependent 
on  qu.  For  Support  Case  1,  the  relationship  between  yu  and  qu  is  given 
by  Eq.  83,  with  y3  =  ytt  and  y3  =  qu.  Substituting  Eq.  83  into  Eq.  92  and 
solving  for  qu,  the  following  equation  is  obtained  for  the  ultimate  plas¬ 
tic  resistance  for  Support  Case  1: 


(93) 


For  Support  Cases  2,  3,  and  4,  the  relationship  between  yu  and  qu  is  given 
by  Eqs.  70,  83,  and  85.  Substituting  these  equations  into  Eq.  92  and 
solving  for  qu ,  the  following  equation  is  obtained  for  the  ultimate  plas¬ 
tic  resistance  for  Support  Cases  2,  3,  and  4: 


As  the  deflection  increases,  the  value  of  Mv  increases,  thus 
causing  the  resistance  to  lateral  load  to  decrease.  At  some  value  of  the 
deflection,  Mv  wiil  equal  Mui and  there  will  be  no  further  resistance  to 
lateral  load.  This  deflection  is  the  collapse  or  failure  deflection  re¬ 
sulting  from  the  vertical  load.  Its  value  is  obtained  by  substituting 
Mv  for  Mul  in  Eq.  86  and  solving  for  the  center  deflection.  The  value 
of  the  average  deflection  along  the  yield  lines  will  be  different  from 
that  given  by  Eq.  87,  however,  since  the  deflected  shape  of  the  wall  is 
no  longer  elastic,  as  assuaed  for  the  beginning  of  the  plastic  phase. 
Instead  the  deflected  shape  of  the  wall  is  assumed  to  be  a  rigid  body 
rotation  of  the  segments  about  their  supports.  The  average  value  of  the 
deflection  along  the  yield  lines  thus  depends  on  the  location  of  the 
yield  lines  and  is  given  by 

y4vs  =  (1  "  S )ye  .  (95) 
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Substituting  this  value  into  Eq.  86,  the  value  of  the  collapse  deflection 
resulting  from  the  vertical  load  is  given  by 


yfv 


Mul 

Pv(l  “  B) 


(96) 


The  resistance  during  the  plastic  phase  is  assumed  to  vary  linearly  be¬ 
tween  the  initial  and  final  points. 


Failure  Criteria 


As  was  found  to  be  the  case  for  one-way  reinforced  concrete  walls, 
there  is  little  information  available  on  which  to  base  a  failure,  or 
collapse,  criterion,  particularly  for  the  small  amounts  of  reinforcement 
usually  found  in  walls. 

Because  of  this  lack  of  information  it  was  decided  to  adapt  the 
collapse  criteria  that  were  arbitrarily  established  for  one-way  reinforced 
concrete  walls  to  two-way  walls.  These  criteria  are  summarized  as  follows: 

1.  Limiting  steel  strain  criterion:  During  the  plastic  phase,  the 
sections  bounded  by  the  yield  lines  rotate  essentially  as  rigid 
bodies.  The  deflection  at  collapse  is  determined  by  assuming 
that  the  elongation  of  the  yielding  steel  occurs  over  a  length,  l, 
sufficient  to  develop  the  ultimate  tensile  strength  of  the  re¬ 
inforcing  steel  in  bond  to  the  concrete 


The  deflection  at  collapse  is  thus  given  by 

yf  =  (*e,u)8  +  Lv*e,u  (98) 

2.  Instability  criterion:  This  criterion  applies  only  to  walls 
with  vertical  load  and  is  the  deflection  at  which  the  moment 


caused  by  the  vertical  load  is  equal  to  the  ultimate  moment 
capacity.  This  deflection  is  given  by  Eq.  96 


Mai 

y?  "  Pv(l  -  8) 

3.  Ductility  criterion:  Collapse  of  the  wall  is  predicted  when 
the  ductility  ratio  (ratio  of  the  maximum  deflection  to  the 
deflection  at  the  beginning  of  the  plastic  phase)  is  equal  to 


0.10 


(99) 


up  to  a  maximum  value  of  p,  =  30.  Thus 


yt 


0.10 


(100) 


Collapse  of 
flection  of 
of  yf  given 


the  wall  is  assumed  to  occur  when  the  center  de- 
the  wall  reaches  the  minimum  of  the  three  values 
above. 


Window  Openings 

Since  the  wall  resistance  and  loading  are  modified  by  the  presence 
of  an  opening,  it  is  apparent  that  window  openings  can  affect  the  in¬ 
cipient  collapse  overpressure  of  reinforced  and  unreinforced  walls.  The 
determination  of  both  a  realistic  net  load  and  a  resistance  function  for 
a  wall  with  openings  are  exceedingly  complex  problems  for  which  no  solu¬ 
tion  is  currently  available.  However,  to  predict  the  incipient  collapse 
pressure  of  walls  with  openings  for  this  study,  it  was  necessary  to  de¬ 
velop  an  interim  procedure  for  modifying  the  method  of  calculating  the 
resistance  function.  This  was  accomplished  by  making  certain  simplifica¬ 
tions  of  the  actual  wall. 

It  is  obvious  that  both  the  elastic  and  decaying  phase  resistances 
of  two-way  unreinforced  walls  and  all  phases  of  reinforced  concrete  will 
be  influenced  by  the  presence  of  window  openings.  Since  no  solutions 
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were  readily  available  for  determining  the  elastic  phase  resistance,  it 
was  assumed  in  the  current  study  that  the  elastic  phase  resistance  could 
be  determined  by  the  methods  presented  herein.  The  magnitude  of  the 
error  in  the  predicted  incipient  collapse  pressure  resulting  from  this 
assumption  was  not  investigated  during  the  current  effort.  In  a  subse¬ 
quent  study,  the  influence  of  window  openings  on  the  elastic  phase  resis¬ 
tance  of  two-way  action  wall  elements  will  be  examined  with  an  available 
finite  element  computer  program. 

For  other  than  the  elastic  phase,  the  modification  of  the  resistance 
for  the  various  types  of  walls  with  openings  was  based  on  the  assumption 
that  the  crack  patterns  in  the  walls  were  similar  to  the  yield-line  pat¬ 
terns  in  reinforced  concrete  slabs.  It  was  also  assumed  that  the  ratio 
of  the  resistance  of  a  wall  with  windows  to  that  of  a  wall  without  windows 
was  the  same  for  unreinforced  as  for  reinforced  concrete  walls. 

The  yield-line  analysis  of  reinforced  concrete  slabs  provides  a 
convenient  method  of  determining  the  minimum  resistance  function  for  a 
wall  with  various  openings.  For  a  square  wall  panel  without  windows, 
and  with  isotropic  reinforcement,  the  primary  yield-line  pattern  would 
consist  of  diagonal  yield  lines  between  the  corners,  as  noted  on  Fig¬ 
ure  2l(a^.  If  the  wall  has  a  centrally  located  window,  the  yield  lines 
will  form  along  the  wall  diagonals  oetween  the  window  and  the  wall  corner 
as  noted  on  Figure  21(b).  However,  for  some  window  geometries*  of  a 
square  wall,  the  yield  lines  can  form  between  the  wall  corners  and  one 
edge  of  the  window  opening  as  indicated  on  Figure  21(c). 

For  a  rectangular  wall  panel,  without  windows  and  with  isotropic 
reinforcement,  the  yield  lines  will  form  as  noted  on  Figure  22(a).  A 

For  example,  a  21  percent  window  opening  with  the  window  height  equal 
to  0.3  times  the  wall  height  and  the  window  width  equal  to  0.7  times 
the  wall  width. 
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(a)  Wall  Without  Window 


FIGURE 


<c>  Wall  With  Long  Rectangular  Window 


YIELD-LINE  PATTERNS  FOR  SQUARE  WALL 
PANEL  WITH  ISOTROPIC  REINFORCEMENT 


(c)  Yield  Line  For  Wall  With  Wide  Window 

FIGURE  22  YIELD-LINE  PATTERNS  FOR  RECTANGULAR  WALL 
PANEL  WITH  ISOTROPIC  REINFORCEMENT 


centrally  located  window  n  such  a  wall  will  result  in  one  of  two  general 
types  of  yield-line  patterns.  First,  the  typical  yield  line  may  form 
between  the  wall  corners  and  a  horizontal  line  through  the  window,  as 
noted  on  Figure  22(b).  Second,  the  yield  lines  may  form  between  the  wall 
corner  and  some  point  on  the  vertical  edge  of  the  window,  as  illustrated 
on  Figure  22(c). 

Since  a  generalized  expression  is  not  available  from  yield-line 
analysis,  it  is  necessary  to  use  a  trial-and-ervor  procedure  to  obtain 
the  minimum  resistance  vaiue  for  each  window  size  and  shape.  Also,  for 
square,  or  nearly  square  walls,  it  is  necessary  to  examine  crack  patterns 
that  intersect  either  the  horizontal  or  vertical  window  edges. 

Using  the  yield-line  analysi  and  assuming  that  the  yield  lines  inter¬ 
sect  the  vertical  edge  of  the  window,  an  expression  can  be  formulated  for 
the  resistance  of  a  simply  supported  wall  panel  with  isotropic  reinforce¬ 
ment.  The  total  energy  input  of  a  uniform  static  load  for  the  various 
wall  segments  sLowr.  on  Figure  23  is 


(101) 
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The  totnl  work  done  by  the  moment  acting  on  each  segment  is 
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Since  the  total  energy  input  equals  the  total  work  done 


and  by  substituting  Eqs.  101  and  102  in  the  preceding  equation,  the  unit 
resistance  is 
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For  the  case  where  the  yield  lines  from  the  wall  comers  intersect 


at  a  common  point  before  intersecting  a  centrally  located  window,  as  noted 
in  Figure  24,  the  expression  for  the  unit  resistance  can  be  shown  to  be 
equal  to 


(10-1) 


To  obtain  the  minimum  unit  resistance  for  a  square  wall  panel,  it 
is  necessary  to  investigate  Eq.  103  for  yield  lines  intersecting  either 
the  horizontal  or  the  vertical  window  edges.  For  rectangular  wall  panels, 
it  is  necessary  to  examine  both  Eqs.  103  and  104  to  obtain  the  minimum 
resistance  value.  However,  the  effect  of  either  in-plane  forces  or  aniso¬ 
tropic  reinforcement  on  the  crack  pattern  are  not  accounted  for  in  the 
above  formulations. 

Since  Eqs.  103  and  104  were  developed  for  a  wall  with  isotropic  re¬ 
inforcement,  the  resistance  values  are  not  directly  applicable  to  an  un¬ 
reinforced  masonry  or  concrete  wall.  To  apply  the  results  to  unreinforced 
walls,  it  was  assumed  that  the  crack  pattern  in  the  unreinforced  wall  was 
identical  to  that  in  the  isotropically  reinforced  wall.  Also,  it  was 
assumed  that  the  ratio  of  the  resistance  function  for  a  reinforced  wall 
with  windows  to  one  without  windows  (q„/q)  was  applicable  to  an  unrein¬ 
forced  wall  with  the  sane  geometry.  That  is,  to  determine  the  decaying 
phase  resistance  function  for  an  unreinforced  wall  with  window  openings, 
the  resistance  is  calculated  for  a  wall  without  windows,  and  then  multi¬ 
plied  by  the  resistance  function  ratio  qK/q  obtained  for  an  isotropically 
reinforced  wall.  The  resistance  function  ratio  was  used  in  a  like  manner 
for  reinforced  concrete  walls  with  openings,  regardless  of  whether  the 
reinforcement  was  isotropic  or  anisotropic. 


It 


Although  Sqs.  103  find  104  could  be  prop^issaed  directly  to  determine 
the  resistance  function  ratio  for  the  many  conceivable  wall  and  window 
geometries,  the  approach  used  in  this  study  was,  first,  to  generate  numer¬ 
ical  values  for  a  series  of  walls  with  ratios  of  wall  length  to  height 
(L w/Ly)  between  1  and  3  and  ratios  of  window  to  wall  length  (Lmk/Lh)  and 
window  to  wall  height  (LyM/Ly)  between  0.1  and  0,8  and  second  to  fit  the 
data  with  a  multiple  regression  analysis  to  obtain  an  equation  relating 
the  resistance  function  ratio  to  various  wall  parameters,  for  ar.y  wall 
within  the  specified  limits. 

From  the  multiple  regression  analysis,  the  best  fit  was  found  to  be 
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Although  the  above  expression  was  applicable  for  most  wall  and  window 
sizes,  for  certain  conditions,  i.e.: 
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the  best  fit  was  found  to  be 
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The  maximum  error  entailed  in  the  use  of  Eqs.  106  and  107  to  determine 
the  resistance  function  ratio  is  less  than  15  percent,  generally  much  less 
that  10  percent,  when  compare!  with  Eqs.  103  and  104,  for  any  of  the  wall 
and  window  geometries  discussed  previously.  This  error  was  felt  to  be 
compatible  with  the  assumptions  made  in  the  analysis  and  adequate  for  an 
interim  procedure. 

It  should  be  noted  that  Eqs.  106  and  107  were  used  in  this  study  even 
though  a  particular  wall  contained  multiple  or  asymmetrical  window  open¬ 
ings.  For  such  cases,  e.g.  ,  two  adjacent  windows,  the  resistance  function 
ratio  was  determined  for  a  single  window  configuration  by  assuming  that 
the  width  of  the  single  window  was  equal  to  the  total  width  of  all  the 
windows  and  that  the  window  was  symmetrically  located  in  the  wall  panel. 
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IV  PROBABILITY  CONSIDERATIONS 


Introduction 

The  approach  used  in  this  study  has  been  to  develop  resistance  func¬ 
tions  for  the  types  of  exterior  walls  of  interest  and  to  use  these  re¬ 
sistance  functions  to  obtain  a  deterministic  solution  for  the  response 
of  a  wall  when  subjected  to  a  dynamic  load.  In  the  initial  report 
(Ref.  l) ,  the  methods  developed  for  one-way  action  walls  were  used  in  this 
manner  to  calculate  the  response  of  a  specific  wall  for  comparison  with 
experimental  data  and  to  examine  the  sensitivity  of  the  incipient  collapse 
overpressure  for  various  selected  wall  elements  and  load-time  functions. 

Although  useful  information  can  be  obtained  by  a  sensitivity  analy¬ 
sis,  such  an  analysis  has  two  major  shortcomings  for  the  evaluation  of 
existing  structures.  First,  the  relationship  between  the  response  of  a 
wall  subjected  to  an  arbitrarily  selected  load  function  and  the  response 
during  the  passage  of  a  blast  wave  is  not  obvious.  Some  of  the  problems 
associated  with  determining  the  net  blast  load  on  an  exterior  wall  are 
discussed  in  Section  II.  Second,  although  a  sensitivity  analysis  indi¬ 
cates  the  relative  importance  of  the  parameters,  it  does  not  provide 
adequate  information  for  predicting  the  most  probable  collapse  overpres¬ 
sure  of  a  wall  where  actual  values  for  many  of  the  parameters  are  not 
known.  This  is  especially  true  for  the  case  when  a  number  of  parameters, 
say  5  or  6,  are  concerned.  This  can  be  illustrpced  by  the  discussion 
and  example  below. 

Even  under  the  most  ideal  conditions,  i.e.,  laboratory  tests,  the 
physical  properties  of  a  prototype  wall  are  known  only  within  certain 
limits,  since  the  properties  are  usually  determined  from  small  specimens, 
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which  are  constructed  separately  from  the  prototype,  and  the  in-place 
conditions  of  the  prototype  are  not  known  precisely.  Generally,  for 
laboratory  tests  of  structural  elements,  such  discrepancies  are  minor 
since  the  properties  are  usually  obtained  from  a  number  of  specimens  and 
past  experience  provides  guidance  for  relating  the  specimen  data  to  the 
prototype  performance.  For  an  actual  wall  in  a  building,  however,  the 
physical  properties  are  at  best  ill-defined  if  not  likely  unknown,  the 
support  conditions  are  often  obscure,  and  information  is  lacking  for 
relating  laboratory  test  data  to  the  performance  of  full-scale  structures. 

Therefore,  when  the  response  of  a  wall  is  examined  analytically,  it 
is  useful  to  vary  each  parameter  to  determine  the  parameters  that  have 
an  important  influence  on  the  wall  response  and  to  assist  in  estimating 
the  predicted  incipient  collapse  overpressure.  For  example,  consider  an 

unreinforced  arching  masonry  wall  that  was  included  in  a  nuclear  field 

* 

test.  The  wall  was  constructed  of  a  4  in.  wythe  of  brick  backed  by  an 
8  in.  wythe  of  cinder  block  and  contained  two  5  ft-5  in.  high  by  3  ft-3  in, 
wide  centrally  located  windows  that  equalled  19  percent  of  the  wall  area. 
The  wall  was  mounted  in  a  nonfailing  reinforced  concrete  support  structure 
that  formed  a  16-ft  by  18-ft  by  10-ft  room  behind  the  wall.  Figure  25 
shows  the  variation  of  the  predicted  incipient  collapse  overpressure  when 
the  ultimate  compressive  strength  of  the  mortar  is  varied  between  1000 
and  2500  psi.  Even  though  the  ultimate  compressive  strength  is  not  known 
exactly,  if  the  range  of  strengths  examined  is  reasonable  for  the  partic¬ 
ular  mortar,  the  collapse  pressure  for  the  wall  would  be  expected  to  fall 
between  14.5  and  24.3  psi.  Furthermore,  since  the  ultimate  compressive 
strength  can  bo  assumed  as  normally  distributed  for  a  series  of  similar  mortar 


*  The  correlation  of  the  predicted  collapse  overpressure  for  this  wall 
with  the  results  from  the  nuclear  field  test  reported  in  Ref.  19  is 
presented  in  Section  VI  and  Appendix  C. 
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FIGURE  25  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  ULTIMATE  COMPRESSIVE  STRENGTH 
Two-Way  Unreinforced  Wall  With  Arching 


12  14  16  18  20  22  24  26 
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FIGURE  26  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  MODULUS  OF  ELASTICITY 
Two-Way  Unreinforced  Wall  With  Arching 


specimens,  a  first  order  estimate,  when  only  a  variation  in  mortar 
strength  is  considered,  would  be  a  50  percent  probability  of  collapse 
occurring  at  about  20  psi. 

In  addition  to  the  mortar  strength,  the  modulus  of  elasticity  of  the 
mortar  might  be  included  in  the  analysis  of  the  wall,  because  it  also 
has  an  important  influence  on  the  collapse  strength  of  an  unreinforced 
arching  masonry  wall.  Since  no  test  information  was  available  from 
Ref.  19,  the  modulus  of  elasticity  of  the  mortar  was  assumed  to  follow 
the  relationship,  =  af.' .  For  a  mortar  strength  of  1750  psi,  Figure  26 
shows  the  variation  in  the  predicted  incipient  collapse  overpressure 
when  a  is  varied  between  500  and  1500.  If  the  influences  of  the  two 
parameters  are  considered  together  for  the  ranges  discussed,  then  the 
predicted  collapse  pressure  would  be  within  the  shaded  area  on  Figure  27 
between  13.2  and  25.4  psi.  Again,  for  a  normal  distribution  of  both  the 
compressive  strength  and  the  modulus  of  elasticity,  an  estimate  of  the 
50  percent  probability  of  collapse  would  be  about  19  psi. 

If  there  are  no  other  parameters  that  influence  the  wall  behavior 
significantly,  it  would  only  be  necessary  to  calculate  the  collapse  pres¬ 
sure  deterministically  to  provide  an  acceptable  estimate  of  the  wall 
collapse.  However,  as  noted  in  Ref.  1  and  Section  II  of  this  report, 
there  are  a  number  of  other  parameters  that  also  affect  the  collapse  of 
unreinforced  arching  walls.  For  example,  the  presence  of  a  window  affects 
both  the  net  wall  loading  and  the  wall  resistance,  as  discussed  in  Sec¬ 
tions  II  and  III,  respectively.  The  effect  of  the  window  on  the  exterior 
load  function  and  the  sensitivity  of  the  incipient  collapse  pressure  of 
the  wall  to  the  variation  in  load  can  be  illustrated  by  varying  the 
clearing  time  of  the  blast  wave.  Figure  28  shows  the  variation  of  the 
predicted  incipient  collapse  overpressure  when  the  clearing  time  of  the 
reflected  overpressure,  expressed  as  a  function  of  the  clearing  distance 
5,  is  varied  between  2.7  and  11.2  ft.  As  mentioned  previously,  if  only 


FIGURE  27  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 

VERSUS  ULTIMATE  COMPRESSIVE  STRENGTH  AND  MODULUS 
OF  ELASTICITY 

Two-Way  Unreinforced  Wall  With  Arching 
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FIGURE  28  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  CLEARING  DISTANCE 
Two-Way  Unreinforcad  Walt  With  Arching 
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one  parameter  affected  the  wall  behavior  significantly,  an  acceptable 
estimate  of  the  predicted  incipient  collapse  overpressure  can  be  made 
even  if  the  precise  clearing  distance  is  not  known.  However,  for  the 
example  wall  tinder  discussion  it  has  been  shown  that  at  least  two  other 
parameters,  namely  the  ultimate  compressive  strength  and  modulus  of 
elasticity  of  the  mrrtar,  also  have  a  significant  effect  on  the  wall 
collapse  pressure.  If  the  influence  of  all  three  parameters  is  treated, 
a  complex  three-dimensional  plot  would  be  required  to  visualize  the  vari¬ 
ation  in  the  incipient  collapse  pressure,  and  an  estimate  of  the  most 
probable  value  would  no  longer  be  a  relatively  simple  procedure.  As 
described  in  the  following  subsections,  for  this  program  a  probability 
function  was  included  in  the  analytical  procedure  to  permit  a  rational 
prediction  of  the  incipient  collapse  pressure  to  be  made  regardless  of 
the  number  of  parameters.  For  comparative  purposes,  the  results  of  such 
an  analysis  are  shown  or.  Figure  29  for  a  variation  of  the  three  parameter-; 
as  previously  illustrated. 

Statistical  Analysis 

Monte  Carlo 

I t  is  apparent  that  the  determination  of  the  incipient  collapse  over¬ 
pressure  for  a  given  wall,  or  type  of  wall,  depends  on  a  number  of  vari¬ 
ables,  at  least  some  of  which  must  be  considered  to  be  randomly  distrib¬ 
uted.  Although  the  probability  distribution  of  these  random  variables 
may  be  determined  fairly  easily,  at  least  in  an  approximate  manner,  the 
extension  of  this  step  to  determining  the  probability  distribution  of 
the  resulting  collapse  overpressure  is  not  so  easy. 

Tt  is  net  possible  to  obtain  an  exact  distribution  because  an  ex¬ 
plicit  relationship  cr- tween  the  incipient  hollapse  overpressure  ar.d  the 
wail  properties  is  not  available.  Even  if  such  a  relationship  were 
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needed  to  evaluate  the  integrals  required  for  determining  the  probability 
distribution.  Thus  it  was  decided  to  use  Monte  Carlo,  or  simulation, 
techniques  to  determine  the  probability  distribution  for  the  incipient 
collapse  overpressure. 


The  technique  uses  a  set  of  mathematically  simulated  walls,  each  of 
which  possesses  the  characteristics  of  some  actual  wall,  to  determine  an 
approximate  distribution  of  the  incipient  collapse  overpressure.  This 
set  of  simulated  walls  is  prepared  by  selecting  the  parameters  to  be 
varied  and  determining  the  values  of  these  parameters  by  randomly  samp¬ 
ling  their  corresponding  probability  distribution  functions.  Each 
simulated  wall  is  then  analyzed  using  the  deterministic  equations  devel¬ 
oped  previously  in  the  wall  study.  The  results  of  these  analyses  provide 
a  probability  distribution  of  the  incipient  collapse  overpressure. 


Two  problems  were  encountered  in  using  this  method  of  approach.  The 
first  of  these  entailed  determination  of  the  probability  distribution  for 
each  of  the  random  variables  under  consideration.  No  restriction  is 
placed  on  thii  determination  try  the  Monte  Carlo  method,  therefore,  the 
problem  is  only  concerned  with  using  the  distribution  best  describing 
the  actual  world.  This  problem  will  not  be  discussed  further  here  since 
the  determination  is  entirely  dependent  on  the  variable  concerned.  The 
second  proolem  was  determining  the  number  of  simulated  walls  that  need 
to  be  analyzed  to  represent  the  infinite  number  of  real  cases  adequately. 
It  is  a  complicated  problem,  because  of  the  probability  distributions 
used  and  the  degree  of  accuracy  that  is  acceptable,  and  is  discussed 
further  in  the  following  subsection. 
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Sampling  Distribution  of  the  Mean  and  Variance 

Two  statistical  measures  that  are  often  used  to  describe  the  proba¬ 
bility  distribution  of  a  random  variable  are  the  mean  and  standard  de¬ 
viation  (square  root  of  the  variance).  These  two  measures  describe 
completely  the  probability  distribution  of  a  normal,  or  Gaussian,  dis¬ 
tributed  random  variable  and  give  considerable  information  essential  in 
describing  other  types  of  distributions.  Thus,  the  mean  and  standard 
deviation  of  the  results  obtained  from  the  Monte  Carlo  technique  can  be 
used  to  describe  the  probability  distribution  of  the  incipient  collapse 
overpressure  for  a  given  wall  or  wall  type.  The  problem  still  remains, 
however,  regarding  the  number  of  simulated  walls  that  need  to  be  analyzed 
for  the  mean  and  standard  deviation  of  the  finite  sample  x  and  s,  to 
represent  the  mean  and  standard  deviation  of  the  total  population,  ? 
and  a,  adequately. 

The  solution  to  this  problem  can  be  approached  by  establishing  con¬ 
fidence  limits  for  the  sample  mean  and  standard  deviation.  These  limits 
establish  confidence  intervals  that,  to  any  desired  degree  of  confidence 
less  than  1,  contain  the  mean  and  standard  deviation  of  the  total  popu¬ 
lation.  The  width  of  these  confidence  intervals  depends  on  three  factors: 
(l)  the  degree  of  confidence  desired,  (2)  the  dispersion  of  the  incipient 
collapse  overpressure;  and  (3)  the  sample  size  n.  The  degree  of  confi¬ 
dence  chosen  for  use  in  this  study  was  the  95  percent  confidence  interval. 
The  dispersion  of  the  incipient  collapse  overpressure  depends  on  the 
individual  wall  properties.  Thus,  for  any  given  sample  size,  the  width 
of  the  confidence  intervals  for  the  mean  and  standard  deviation  of  the 
incipient  collapse  overpressure  will  increase  as  the  dispersion  of  the 
individual  wall  properties  increases.  It  is  important  to  observe  that 
the  confidence  limits  depend  on  the  sample  size  n,  thus,  for  a  fixed  con¬ 
fidence  level,  the  interval  can  be  made  as  short  as  desired  by  increasing 
the  number  of  simulated  walls  analyzed. 
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Through  the  study  of  several  cases,  details  of  which  are  given  in 
Appendix  C,  confidence  limits  of  plus  or  minus  10  percent  of  the  sample 
mean  were  chosen  as  the  values  to  be  used  in  determining  when  a  sufficient 
number  of  simulated  walls  had  been  analyzed.  It  was  further  judged  that 
at  least  20  simulated  walls  were  required  for  the  sample  mean  and  stan¬ 
dard  deviation  to  represent  adequately  the  mean  and  standard  deviation 
of  the  total  population.  These  guidelines  are  summarized  as  follows: 

1.  Minimum  sample  size,  n  =  20. 

2.  The  95  percent  confidence  for  the  sample  mean,  x,  should  be 
within  i  10  percent  of  X. 

3.  The  95  percent  confidence  limits  for  the  sample  standard 
deviation,  s,  should  be  within  x  0.1C  x  ( 10  percent  of  the 
sample  mean)  of  s  (the  upper  confidence  limit  is  the  critical 
one) . 

For  the  cases  studied,  where  the  above  criteria  were  met,  the  sample 
mean  and  standard  deviation  were  within  10  and  20  percent,  respectively, 
of  the  values  obtained  when  the  sample  size  was  doubled.  This  accuracy 
was  felt  to  be  adequate  in  view  of  the  many  other  unknown  variables 
present. 

The  question  still  arises  as  to  how  the  95  percent  confidence  limits 
for  the  sample  mean  and  standard  deviation  are  determined.  For  the  case 
where  the  random  variable  is  normally  distributed,  the  following  theorem 
regarding  the  sample  mean  can  be  derived:  The  mean  x  of  n  stochastically 
independent  observations  from  a  normally  distributed  population  with 
mean  §  and  variance  a2  is  normally  distributed  with  mean  §  and  variance 
c2  'll.  In  other  words,  the  distribution  of  the  sample  mean  depends  on 
the  distribution  of  the  individual  random  variables  constituting  the 
sample  mean.  The  standard  deviation  of  the  mean,  also  called  the  standard 
error  of  the  mean,  is  equal  to  the  square  root  of  t».e  variance,  or  off n. 
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This  theorem  may  be  used  in  determining  the  probability  distribution 
of  the  incipient  collapse  overpressure  (even  though  in  this  case  the 
exact  distribution  is  not  known)  since  for  large  sample  size  n  the  central 
limit  theorem*  can  be  applied.  This  permits  considering  the  sample  mean 
and  variance  as  being  approximately  normally  distributed. 

Rewriting  the  distribution  of  the  sample  mean  in  terms  of  the  stan¬ 
dardized  normal  distribution  u,  the  following  expression  is  obtained: 


x  -  g 

u  **  cTir 


( 108) 


This  relation,  in  conjunction  with  standard  tables  for  the  u-distribution, 
could  be  used  to  determine  the  confidence  limits  for  provided  that  a 
was  known.  However,  cj  is  unknown  in  this  case,  and  an  alternative 
approach  must  be  taken.  Replacing  a  by  s,  the  standard  deviation  esti¬ 
mated  from  the  sampl  •  observations  and  multiplying  the  denominator  by 
o/c,  the  right  side  of  Eq.  108  becomes 


*  -  g 
~s/7n 


s  q 
/n  a 


ji_2 


q  s_ 
/n  q 


u 

s/q 


(109) 


The  value  of  s  may  be  obtained  from  the  expression 


(no) 


*  The  central  limit  theorem  states  that  the  distribution  of  the  sum  of  n 
independent  random  variables  tends  to  the  normal  distribution  tor 
n  -»  e>  under  fairly  general  conditions,  two  Oi  which  are  that  the 
variance  of  the  sums  tends  to  infinity  and  the  variance  of  each  vari¬ 
able  divided  by  the  variance  of  the  sum  tends  to  zero. 
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Dividing  bo t'n  sides  of  this  equation  by  a,  the  following  result  is  ob¬ 
tained  : 


s 

a 


A  (j  -  *)» 

A=i  cr 


(HI) 


4  M': 


The  expression  under  the  radical, 
tribution.  Thus  replacing  this  expression  by 
Eq.  Ill  can  be  rewritten  as 


has  a  chi-square  dis- 
and  letting  f  =  n  -  1, 


Equating  Eqs.  109  and  112  yields 


(112) 


x  -  g  _  u 
s//TT  =  Jfji 


(113) 


It  can  further  be  shown  (Ref.  2l)  that  the  random  variable  xn/J^ /i  has 
a  t-distribution  with  ?  degrees  of  freedom.  Thus  the  lefthand  side  of 
Eq.  113  must  also  have  a  t-distribution  with  f  =  n  -1  degrees  of  freedom. 
This  is  indicated  by  writing 


t 


(114) 


This  test  statistic  is  independent  of  both  §  and  a,  being  a  function  only 
of  the  sample  mean  x,  the  sample  standard  deviation  s,  and  the  sample 
size  n.  Like  the  u-distribution,  the  c-distribution  is  symmetrical  about 
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zero,  and  for  f  -•  »,  it  tends  to  the  normal  distribution  as  s  converges 
to  a.  Confidence  limits  for  the  mean  5  can  now  be  determined  from  the 
relat ionship 


P  \  x 


<  §  <  x  - 


Ps  - 


(115) 


where  t?i  and  tp  are  available  from  tables  of  the  t-distribut ion  for 
various  values  of  the  cumulative  probability  P  and  the  number  of  degrees 
of  freedom  f.  Thus,  for  a  95  percent  confidence  interval,  this  relation¬ 
ship  becomes 


'x  -  t  —  < 


<  t> 


‘02S  /n 


=  0.95 


(116) 


It  is  expected,  with  95  percent  confidence,  that  the  population  mean  , 
will  fall  in  the  above  interval.  Given  values  of  s  and  x,  n  can  be 
chosen  so  that  the  interval  of  uncertainty  about  §  falls  within  tolerable 
limits. 

A  similar  approach  can  be  used  to  determine  confidence  limits  for 
the  standard  deviation  s.  Squaring  both  sides  of  Eq.  112  yields 


s 


2 


( 117) 


Values  of  yj/f  are  available  from  tables  of  the  chi-square  distribution 
for  various  values  of  P  and  f.  Confidence  limits  for  the  standard  de¬ 
viation  are  easily  derived  from  the  above  since 


(118) 


99 


The  confidence  limits  for  s  are  thus  given  by 


is  s  j 

|x  -T  X.//7  j 


which  for  a  95  percent  confidence  interval  reduces  to 


(119) 


<  a  < 


Xo  .026  //n  ” 


!.  o. 


(120) 


since  f  =  n  -  1.  Again  it  can  be  expected,  with  95  percent  confidence, 
that  the  population  variance,  a,  will  fall  within  the  above  interval. 

Given  values  of  x  and  s,  the  95  percent  confidence  limits  for  the 
sample  mean  and  standard  deviation  can  now  be  obtained  from  Eqs.  116 
and  119,  respectively.  These  values,  along  with  the  previously  estab¬ 
lished  guidelines,  may  now  be  used  to  determine  the  number  of  simulated 
walls  that  needs  to  be  analyzed. 


10  Percent  and  90  Percent  Probability  Values 

The  mean  »>alue  of  the  incipient  collapse  overpressure  may  be  taken 
as  the  overpressure  at  or  below  which  failure  will  occur  50  percent  of 
the  time.  Also  o4"  interest  in  this  study  are  the  values  for  which  failure 
will  occur  10  and  90  percent  of  the  time.  These  values  will  be  referred 
to  as  the  10  percent  probability  value  and  the  90  percent  probability 
value. 

For  the  case  where  the  incipient  collapse  overpressure  is  normally 
distributed,  these  values  are  easily  obtained  from  the  following: 


10  percent  probability  value  =  x  -  1.282  s 
90  percent  probability  value  =  x  +  1.282  s 


The  accuracy  of  these  relations  depends  on  how  closely  the  probability 
distribution  for  the  incipient  collapse  overpressure  is  approximated  by 
a  normal  distribution.  This  can  be  investigated  by  plotting  the  cumulativ 
probability  distribution  on  probability  paper.  When  plotted  in  this  man¬ 
ner  a  nornu.1  distribution  will  plot  as  a  straight  line.  Thus,  a  visual 
approximation  of  how  close  the  actual  distribution  is  to  the  normal  dis¬ 
tribution  can  be  obtained  by  seeing  how  closely  the  data  approximate  a 
straight  line.  For  the  cases  studied  in  Appendix  C,  tue  probability 
distribution  of  the  data  was  sufficiently  close  to  the  normal  distribu¬ 
tion  so  that  the  iO  and  90  percent  probability  values  can  be  obtained 
from  the  above  equations  with  little  error. 

In  determining  the  confidence  limits  for  the  10  and  90  percent 
probability  values,  one  might  be  inclined  to  use  the  individual  confidence 
limits  for  the  sample  mean  and  standard  deviation  given  by  the  t  ana  the 
y2  distributions,  assuming  that  the  probability  of  both  occurrences  is 
the  product  of  the  separate  probabilities.  This  is  incorrect,  however, 
because  t  and  u  (from  which  the  x8  distribution  is  derived)  are  not 
independent.  Therefore  the  joint  probability  that  the  two  intervals  cover 
the  true  parameter  values  is  not  equal  to  the  product  of  the  separate 
probabilities.  Methods  are  available  to  determine  the  confidence  region 
for  these  two  parameter  values;  however,  these  were  believed  to  be  beyond 
the  scope  of  th*s  study. 

An  approximate  method  was  developed  that  assumes  that  the  mean  value 
obtained  from  the  sample  is  the  true  mean  value  for  the  entire  distribu¬ 
tion.  This  is  at  best  only  approximately  true;  however,  it  permits  con¬ 
fidence  intervals  to  be  obtained  for  the  10  and  90  percent  probability 
values  by  merely  using  the  95  percent  confidence  limits  for  the  standard 
deviation  along  with  the  sample  mean.  The  confidence  in  this  value  will 
be  somewhat  less  than  95  percent,  although  exactly  how  much  less  is  not 


known. 


These  methods  enable  values  to  be  determined  for  the  mean,  standard 
deviation,  10  percent  probability  value,  and  90  percent  probability  value 
a;'  1  he  incipient  collapse  overpressure.  Confidence  intervals  of  95  per¬ 
cent  may  also  tie  obtained  for  the  mean  and  standard  deviation,  along  with 
limits  of  a  somewhat  smaller,  but  unknown,  confidence  for  the  10  and  90 
percent  probability  values.  These  techniques  were  used  in  investigating 
ttie  incipient  collapse  overpressure  for  several  masonry  walls  with  arch- 
in",  and  a  detailed  statistical  analysis  of  one  of  these  walls  is  pre¬ 
sented  in  Appendix  C. 
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Introduction 

The  response  of  a  dynamically  loaded  wall  element  is  influenced 
by  the  elements'  structural  characteristics,  as  well  as  by  those  of  the 
supporting  structure.  In  this  study,  however,  it  has  been  assumed  that 
the  natural  frequencies  of  the  wall  and  its  supporting  structure  are  so 
related  that  the  wall  may  be  considered  to  act  independently  of  the  sup¬ 
ports,  thus  permitting  the  wall  to  be  analyzed  as  a  separate  slngle- 
degree-of-freedom  system,  rather  than  as  part  of  a  coupled  multidegree 
system. 

The  reaction  of  the  equivalent  single-degree-of-freedom  system  used 
to  determine  the  wall  response  is  equal  to  the  spring  resistance;  however, 
for  the  actual  wall,  the  reaction  is  also  a  function  of  the  distributed 
inertia  forces.  To  account  for  these  forces,  it  was  assumed  that  the 
distribution  of  the  inertia  forces  is  the  same  as  the  curve  of  the  static 
deflected  shape  of  the  wall.  Although  this  assumed  distribution  of  the 
inertia  forces  does  not  take  into  account  the  higher  response  modes,  the 
error  is  felt  to  be  minor,  especially  when  reactions  for  a  failing  mem¬ 
ber  are  being  predicted. 

Dynamic  Reactions 

The  method  used  to  calculate  the  dynamic  reactions  of  two-way  action 
walls  was  essentially  the  same  as  that  used  in  Ref.  1  for  one-way  action 
walls.  In  a  similar  manner  to  that  outlined  for  the  one-way  walls,  the 
dynamic  reactions  for  two-way  walls  are  determined  by  assuming  that  the 
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distribution  of  the  inertia  forces  along  a  vertical  or  horizontal  s.rip 
is  the  same  as  the  deflected  shape  of  a  beam  with  the  same  support  con¬ 
ditions.  The  total  reaction  along  each  edge  wvs  determined  in  accord.'.r.ce 
with  the  assumed  crack,  or  yield  line,  pattern  shown  in  Figure  12  (Sec¬ 
tion  III),  with  only  the  adjacent  segment  contributing  to  the  reaction 
along  each  edge.  The  corresponding  reactions  for  collapse  mode  "b"  shown 
in  Figure  20(b)  (Section  III)  for  the  reinforced  concrete  wall  ore  dis¬ 
cussed  in  Appendix  B. 

The  dynamic  reaction  along  the  horizontal  edges  of  the  wall  can 
vhus  be  determined  by  considering  the  eqilibrium  of  forces  on  segment  A, 
shown  in  Figure  30.  Since  these  forces  are  in  dynamic  equilibrium,  the 
sum  of  the  moments  about  the  line  of  action  of  the  resul+ant  of  the  in¬ 
ertia  farces  yields 

VjZ  ~  -  z')  -  Ma  -  =  0  (121; 


where  z  and  z.'  are  the  distances  to  the  centroids  of  the  inertia  force 
and  the  lateral  load,  respectively.  The  moments  MA  a  m(,  which  are 

assumes  to  be  uniformly  distributed,  are  related  to  the  total  resis¬ 
tance  .'f  the  segment,  QA  ,  by 


= 


z7Qa 


(122) 


which  by  substituting  in  Eq.  121  yields 


*  -  hrh't 


(1*3) 
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For  a  uniformly  distributed  lateral  load,  the  distance  z  to  the 
centroid  of  the  load  acting  on  the  trapezoidal  segment  is  given  by 


2  "  4(1  -  3) 


(124) 


where  the  value  of  S  is  obtained  from  Eq.  38  for  unreinforced  masonry 
or  concrete  walls  and  from  Eq.  76  for  reinforced  concrete  walls.  The 
distance  z  to  the  centroid  of  the  inertia  forces  depends  on  the  assumed 
deflected  shape  of  the  segment  and  is  discussed  in  the  following  sub¬ 
sections. 

In  a  similar  manner,  the  dynamic  reaction  along  the  vertical  edges 
of  the  wall  can  be  determined  by  considering  the  equilibrium  of  the 
forces  acting  on  segment  C,  shown  in  Figure  31.  Taking  moments  about 
the  line  of  action  of  the  resultant  of  the  inertia  forces  yields 


Vvx  -  P c(x  -  x')  -  Mc  -  Me  =  0 


(125) 


where  x  and  x  are  the  distances  to  the  centroids  of  the  inertia  force 
and  the  lateral  load,  respectively.  The  moments  Mc  and  Me,  which  are 
again  assumed  tc  be  uniformly  distributed,  are  related  to  the  static 
resistance  Q„  by 


Mc  +  Mc  = 


(126) 


which  by  substituting  in  Eq.  125  yields 


v.  -  (‘-rh-f- 


(127) 
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i-'or  .1  uniformly  distributed  lateral  load,  the  distance  x  to  the  centroid 
of  the  load  on  the  triangular  segment  is  give”  by 


x'  =  -  91. 
:{ 


(128) 


The  distance  x  to  tiie  centroid  of  the  inertia  force  depends  on  the 
assumed  deflected  shape  of  the  segment  and  is  discussed  further  in  the 
following  subsections. 

As  a  result  of  symmetry,  the  total  load  on  the  wall  is  equal  to 


PT  =  2P*  -«•  2FC  . 


(129) 


The  load  acting  on  each  of  the  segments  is  thus  related  to  the  total 
load  in  proportion  to  their  areas,  or 


bl».  Ly  / a  _  jl  g 
LmL;  2 


(130) 


T,  •  K1-2^)  “If1'9) 


(131) 


Similarly,  the  total  resistance  of  the  wall  is  equal  to 


Qt  =  2QA  *  2QC 


(132) 
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hv  assuming  the  total  resistance  to  be  uniformly  distributed,  the  re¬ 
sistance  provided  by  each  of  tne  segments  is  also  related  to  the  total 
resistance  in  proportion  to  their  areas,  or 


(33) 


±(1-6) 


f  1.3-i) 


Substituting  Eqs.  130,  131,  133,  and  134  into  Eqs.  123  and  127 
yields  the  following  expressions  for  the  dynamic  reactions  along  the 
horizontal  and  vertical  edges: 


VH  =  I  'l  -  B)[(l  -  §-)pt  +=f  Qt]  ( 135) 

v'  -  I9[(1-f)p'  *rQ’] 


where  z'  and  x'  are  given  by  Eqs.  124  and  128,  respectively. 

These  reaction  equations  are  applicable  to  all  of  the  types  of 
walls  considered  in  this  study.*  The  magnitudes  will  be  different, 
however,  since  the  reactive  forces  at  any  particular  time  depend  on 
both  the  load  and  the  resistance  function.  Differences  will  also  re¬ 
sult  from  the  variation  in  the  assumed  deflection  shape  for  the  dif- 
erent  support  conditions  and  the  resistance  phases,  since  both  z  and  x 


For  reinforced  concrete  walls  in  which  collapse  mode  "b"  [Figure  20^b), 
Section  III!  occurs,  the  above  equations  are  not  applicable.  This  case 
is  discussed  in  Appendix  B. 
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are  a  function  of  the  deflection  shape.  The  values  of  z  and  x  for  walls 
with  the  four  support  conditions  considered  are  as  follows. 

Support  Case  1 

During  the  elastic  phase,  the  equation  for  the  deflection  of  a 
simply  supported,  one-way  wall  of  length  with  a  uniformly  distributed 
load  is 


-  2Uz  +  z3) 


(137) 


Since  it  was  assumed  that  the  distribution  of  the  inertia  forces  along 
a  vertical  strip  of  the  two-way  wall  is  the  same  as  the  deflection  shape 
of  a  one-way  wall  with  the  same  simple  support  conditions,  the  distance 
7.  to  the  centroid  of  the  inertia  forces  on  segment  A  is  given  by 


where  the  integration  is  carried  out  over  the  area  of  segment  A.  Sub¬ 
stituting  Eq.  137  into  Eq.  138  and  integrating  gives 


(0.127  -  0.1853) 
(0.400  -  0.5080) 


Similarly,  the  distance  x  to  the  centroid  of  the  inertia  forces 
on  segment  C  is  given  by 


f  yx  dA 
x  =  - 

I  y  dA 


(140) 
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where  the  integration  is  carried  out  over  the  area  of  segment  C.  ine 
elastic  deflection  along  a  horizontal  strip  is  given  by 


4*  /.  3  3  3\ 

*  =  he?!1*  -  2L-x  +  *  > 


<141) 


Substituting  this  expression  into  Eq.  140  and  integrating  gives 


ikikfJd, 

(I  -  ®s  -  k®3) 


(142) 


Substituting  these  expressions  for  z  and  x  in  Eqs,  135  anu  136 
yields  the  equations  for  the  dynamic  reactions  along  the  horizontal 
and  vertical  edges  during  the  elastic  phase  for  unreinforced  walls  with¬ 
out  arching  and  reinforced  concrete  walls.  For  Support  Case  1,  the  re¬ 
sisting  moments  along  the  edges,  M*  and  Me,  are  zero. 

After  cracking  of  the  wall  in  the  elastic  phase,  both  the  resis¬ 
tance  and  the  deflection  are  altered  as  noted  in  Section  III.  Since  it 
was  assumed  that  the  motion  of  the  wall  after  cracking  is  a  rigid  body 
rotation  of  the  segments  about  their  supports,  the  deflection  along  a 
vertical  strip  is  given  by 


y  =  uy< 


(143) 


Similarly,  the  deflection  along  a  horizontal  strip  is  given  by 


Blh  y‘ 


(144) 


Substituting  Kqs.  143  and  144  into  Eqs.  138  and  140,  respectively, 
yields  the  following  expressions  for  z  and  x: 


(145) 


(146) 


These  values  are  substituted  into  Eqs.  135  and  136  to  determine  the 
reactions  along  the  horizontal  and  vertical  edges  for  unreinforced  walls 
with  arching  and  during  the  decaying  phase  of  unreinforced  walls  with¬ 
out  arching  and  the  plastic  phase  of  reinforced  concrete  walls. 

Support  Case  2 

The  reaction  for  two-way  walls  fixed  on  four  edges  is  determined 
in  a  manner  similar  to  that  in  the  previous  subsection.  The  distribu¬ 
tion  of  the  inertia  forces  along  a  vertical  strip  is  assumed  to  be  the 
same  as  the  deflected  shape  of  a  uniformly  loaded,  one-way,  fixed  edge 
wall  of  length  Ly  ,  or 

(147) 

Similarly,  the  deflected  shape  along  a  horizontal  strip  is  given  by 


y  = 


qz 

24EI 


(Ly  -  z  )* 


y 


24EI 


(148) 


mwtpt  tp*  w 


w.ivs.  i  «!»K«^i^t9Jaa^.iMiiuay!4w^jy»i?Haw!^gBj|»ww5^?-. 


S^jfT  'iwwvvi/TW'fK  '^S5&  I 


Substituting  Eqs.  147  and  148  into  Eqs.  138  and  140,  respectively, 
results  in  the  following  values  for  z  and  5J: 


(0.092  -  0.13U8) 
(0.237  -  0,3670)  v 


(149) 


(1/20  -  0/15  +  ga/42)  g  .  (150) 

(1/12  -  g/10  +  g2/30)  H 


These  values  are  substituted  into  Eqs.  135  and  136  to  determine  the  re¬ 
actions  along  the  horizontal  and  vertical  edges  during  the  initial  por¬ 
tion  of  the  elastic  phase  of  unreinforced  walls  without  arching  and  the 
elastic,  uncracked  phase  and  elastic,  cracked  phase  of  reinforced  con¬ 
crete  walls. 

After  cracking  (or  yielding  of  the  steel  in  a  reinforced  concrete 
wall)  along  the  fixed  edges,  the  wall  is  assumed  to  respond  as  if  it 
were  simply  supported  on  four  edges.  Thus,  the  resulting  values  c *  z 
and  X  during  the  secondary  portion  of  the  elastic  phase  of  unreinforced 
walls  without  arching  and  the  elasto-plastic  phase  of  reinforced  concrete 
walls  are  given  by  Eqs.  139  and  142.  During  the  decaying  phase  of  unre¬ 
inforced  walls  without  arching  and  the  plastic  phase  of  reinforced  con¬ 
crete  walls,  the  values  of  and  x  are  agaiu  given  by  Eqs.  145  and  146. 


Support  Case  3 

For  Support  Case  3,  the  distribution  of  the  inertia  forces  along 
a  vertical  strip  is  assumed  to  be  the  same  as  the  deflected  shape  of  a 
uniformly  loaded,  simply  supported  one-way  wall  of  length  Ly ,  as  expressed 
by  Eq.  137.  The  distribution  of  the  inertia  forces  along  a  horizontal 
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strip,  however,  is  assumed  to  be  the  same  as  for  a  one-way,  fixed-edge 
wall  of  length  U, ,  as  expressed  by  Eq.  148.  The  resulting  values  of 
and  x  for  the  initial  portion  of  the  elastic  phase  of  unreinforced 
walls  without  arching  and  the  elastic,  uncracked  phase  and  the  elastic, 
cracked  phase  of  reinforced  concrete  wails  are  thus  given  by  Eqs.  139 
and  130. 

After  cracking  (or  yielding  of  the  steel  in  a  reinforced  concrete 
wall)  along  tne  fixed  edges,  the  wall  is  again  assumed  to  respond  as 
if  it  were  simply  supported  on  four  edges.  The  resulting  values  of 
s  and  x  during  the  secondary  portion  of  the  elastic  phase  of  unreinforcad 
walls  without  arching  and  the  elasto-plastic  phase  of  reinforced  concrete 
are  therefore  again  given  by  Eqs.  139  and  142.  During  the  decaying  phase 
of  unreinforced  walls  without  arching  and  the  plastic  phase  of  reinforced 
concrete  walls  the  values  of  z  and  x  are  given  by  Eqs.  145  and  146. 

Support  Case  4 

For  Support  Case  4,  the  values  of  z  and  x  during  the  initial  por¬ 
tion  of  the  elastic  phase  of  unreinforced  walls  without  arching  ?nd  the 
elastic,  uncracked  phase  and  elastic,  cracked  phase  of  reinforced  con¬ 
crete  walls  correspond  to  those  given  by  Eqs.  149  and  142,  respectively. 
Again,  after  cracking  (or  yielding  for  a  reinforced  wall)  occurs  alo  g 
the  fixed  edges,  the  values  of  z  and  x  during  the  secondary  portion  of 
the  elastic  phase  of  unreinforced  walls  without  arching  and  the  elasto- 
phase  of  reinforced  concrete  walls  are  given  by  Eqs.  139  and  142.  Dur¬ 
ing  the  decaying  phase  of  unreinforced  walls  without  arching  and  the 
plastic  phase  of  reinforced  concrete  walls,  the  values  of  z  and  x  are 
again  given  by  Eqs.  145  and  145. 
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The  values  of  x  and  z  for  each  of  the  four  support  cases,  along 
with  the  values  of  x'  and  z‘ ,  are  summarized  for  unreinforced  concrete 
or  masonry  unit  walls  and  reinforced  concrete  walls  in  Tables  1  and  2. 
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Note:  Reactions  for  unreinforced  walls  with  arching  correspond  to  those  given  above  for  decaying 

phase. 


VI  DISCUSSION 


Introduction 

As  discussed  in  Ref.  I,  to  determine  the  dynamic  response  of  the 
various  walls,  computer  programs  were  developed  using  the  Newmar*  3 
method  (Ref.  4)  for  analyzing  the  walls  with  the  resistance  functions 
previously  determined  in  Section  III.  The  transformation  factors,  as 
developed  in  Appendix  A  for  two-way  action  walls,  were  used  to  reduce 
the  wall  from  a  distributed  mass  system  to  an  equivalent  s.ingle-degree-of 
freedom  system.  The  input  data  required  in  the  programs  consist  of  the 
wall  and  load  properties,  including  probability  distributions  where 
needed,  and  the  output  can  be  either  a  complete  time-history  of  the 
response  of  the  wall  up  to  collapse,  or  a  prediction  of  the  probability 
of  occurrence  of  the  incipient  collapse  overpressure,  as  presented  in 
Section  IV.  The  computer  flow  charts  for  the  analysis  of  the  three 
types  of  walls  are  presented  in  Appendix  D. 

To  provide  insight  into  the  parameters  that  significantly  influence 
the  collapse  of  two-way  action  exterior  walls,  a  limited  sensitivity 
analysis  was  performed.  Also,  a  comparison  was  made  of  the  available 
experimental  information  on  dynamically  loaded  wall  elements  and  the 
theoretical  predictions.  The  findings  from  these  studies  are  presented 
in  the  following  subsections. 

Variation  of  Parameters 

To  determine  the  individual  effects  of  a  few  cf  the  more  important 
parameters  in  th  .♦  behavior  of  dynamically  loaded  walls,  the  incipient 
collapse  overpressure  was  calculated  for  various  values  of  the  parameters 
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Preceding  page  blank 


The  parameters  investigated  for  each  of  the  three  wall  types  were  the 
ratio  of  the  height  to  the  width  of  the  wall,  the  area  of  the  window 
opening,  and  the  volume  of  the  room.  Based  on  engineering  judgment,  a 
two-way  action  wall  with  the  following  properties,  except  where  noted 
otherwise  on  the  graphs,  was  selected  as  the  standard  from  which  all 
variations  were  made: 

Height,  Lv . .  ,  8  ft 

Width,  Lh . .  .  ,  i2  ft 

Thickness,  tH . 8  in. 

Modulus  of  elasticity 

Masonry,  Ea  .  1,000,000  psi 

Concrete,  fie  .  3,000,000  psi 

Reinforcing  steel,  E,  .  .  .  30,000,000  psi 

Modulus  of  rupture,  f r .  .  .  .  100  psi 


Unit  weight,  y 

Masonry  . 120  pui 

Concrete  . 145  pcf 

Vertical  load,  Pv  .....  .  0 

Window  area,  A* . .  .  0 


In  addition,  for  walls  with  windows,  the  window  was  centrally  located 
in  the  wall,  and  the  window  height  was  maintained  at  4  ft,  while  the 
width  was  varied  to  obtain  the  desired  window  area.  The  edge  support 
for  all  walls  was  Support  2  (fixed  on  all  four  edges). 


120 


& 

r 


F? 

r 


A  value  for  the  clearing  distance  of  S  =  10  ft  and  weapon  yield 
of  W  =  1  Mt  were  chosen  as  the  standard  values  for  the  study  of  the  other 
parameters.  This  eliminated  the  effect  of  a  variable  clearing  time  and 
yield  on  the  behavior  of  the  walls. 
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Unreinforced  Concrete  or  Masonry  Unit  Wall  (Without  Arching) 

Figure  32  illustrates  the  effect  of  the  width-to-height  ratio  on  the 
peak  incident  overpressure  at  incipient  collapse  for  an  unreinforced, 
two-way  action,  fixed-edge  wall  without  arching.  The  two  curves  are  for 
a  vertical  load  in  the  plane  of  the  wall  of  Pv  =  0,  and  Pv  =  100  lb/in. 
of  wall,  which  is  equivalent  to  about  two  story  heights  above  the  wall. 
For  values  of  LH/LV  >  3,  the  wall  was  assumed  to  respond  primarily  as  a 
one-way  rather  than  a  two-way  wall.  For  comparative  purposes,  the  col¬ 
lapse  pressure  for  a  one-way  action  wall  is  also  indicated  in  Figure  32. 

The  effect  on  the  incipient  collapse  overpressure  of  the  percentage 
of  window  opening  in  a  two-way  action  wall,  which  is  face-on  to  the  blast 
wave,  is  shown  in  Figure  33  for  three  different  room  volumes.  To  calcu¬ 
late  these  values,  it  was  assumed  that  the  interior  walls  of  the  room 
did  not  fail  during  the  collapse  of  the  exterior  wall.  As  can  be  seen, 
an  increase  in  the  window  area  from  15  to  35  percent  of  the  wall  area 
resulted  in  an  increase  in  the  incipient  collapse  overpressure  of  about 
50  to  60  percent  for  the  room  volumes  investigated. 

Figure  34  shows  the  effect  of  the  room  volume  on  the  incipient 
collapse  overpressure  of  a  two-way  action,  fixed  edge  wall  for  window 
openings  of  15,  25  and  35  percent.  For  all  three  window  areas,  if  the 
volume  of  the  room  is  doubled  from  1000  to  2000  cu  ft,  the  incipient 
collapse  overpressure  is  decreased  by  about  one-third. 
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WALL  PARAMETERS 


LOAD  PARAMETERS 


Lv  =  8  ft 

Lh  =  12  ft 

t  =  8  in. 

w 

f(  =  100  psi 

E  =  1 .0  X  1 Q6  psi 

7  =  120  pcf 


Support  Case  2 


W  =  1  Mt 
S  =  10  ft 


FIGURE  32  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  Lh/Lv  RATIO 

Two-Way  Unreinforcad  Wall  Without  Arching 
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PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 


a 


WALL  PARAMETERS 

Ly  =  8ft 
Lh  =  12  ft 
tw  8  in. 
fr  =  100  pst 

E  =  1.0  X  10®  psi 

y  =  120  pcf 

L,m  =  48  in. 

Support  Case  2 


LOAD  PARAMETERS 


W  =  1  Mt 
S  =  10ft 


0  10  20  30  40 

PERCENT  OPENING 

One  window  opening  symmetrically  located  about  centerlines  of 
front  wall.  3  msec  delay  in  breaking. 


FIGURE  33  F'EAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  PERCENT  WINDOW  OPENING 
Two-Way  Unreinforced  Wall  Without  Arching 


WALL  PARAMETERS 


LQAO  PARAMETERS 


Lv  =8  ft 
Lh  =  12  ft 


tw  =  8  in. 

f(  =100  psi 

E  =  1.0  X  106  psi 

7  =  120  pcf 

Lvw  =  48  in. 

Support  Case  2 


W  =  1  Mt 
S  =  10  ft 


One  window  opening  symmetrically  located  about  centerlines  of 
front  wall.  3  msec  delay  in  breaking. 


FIGURE  34  PEAK  INCIDEN1  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  ROOM  VOLUME 
Two-Way  Unreinforced  WrJI  Without  Arching 
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Figure  35  illustrates  the  effect  of  the  width-to-height  ratio  on  the 
incipient  collapse  overpressure  for  an  unreinforced,  two-way  action,  fixed- 
edge  wall  with  arching.  For  an  increase  in  the  Lm/lv  ratio  from  1  to  3, 
there  is  a  decrease  in  the  incipiert  collapse  pressure  of  about  40  percent. 

Figures  36  and  37  show  the  effect  on  the  incipient  collapse  over¬ 
pressure  of  the  percent  of  window  opening  and  the  room  volume,  respectively. 
The  effect  of  these  parameters  is  much  less  for  unreinforced  two-way 
walls  with  arching  than  without  arching. 

Reinforced  Concrete  Wall 

Figure  38  illustrates  the  effect  of  the  width-to-height  ratio  on 
the  incipient  collapse  overpressure  for  a  two-way  reinforced  concrete 
wall.  For  an  increase  in  the  Lh/lv  ratio  from  1  to  3,  there  is  a  cor¬ 
responding  decrease  in  the  incipient  collapse  overpressure  of  about 
40  percent;  this  is  about  the  same  as  for  the  unreinforced  masonry  wall 
with  arching. 

Figures  39  and  40  show  the  effect  on  the  incipient  collapse  over¬ 
pressure  of  the  percent  of  window  opening  and  the  room  volume,  respec¬ 
tively.  This  is  about  the  same  relative  effect  as  was  found  for  the 
unroinforced  wall  with  arching. 

Experimental  Correlation 

The  approach  used  in  this  study  for  predicting  the  behavior  of  wall 
elements  has  been  to  develop  rational  analytical  procedures  that  are 
consistent  with  the  available  experimental  response  observations.  Where- 
ever  possible  the  test  data  are  then  used  to  provide  a  correlation  with 
the  analytical  predictions. 
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PEAK  INCIDENT  OVERPRESSURE 
AT  INCIPIENT  COLLAPSE  —  psi 


WALL  PARAMETERS 


LOAD  PARAMETERS 


Ly  =  8  ft 

Lh  =  12  ft 

V,  =  8  in' 

=  1000  psi 

E  =  1.0  X  106  psi 

m 

7  =  120  pcf 

Rigid  Supports 


W  =  1  Mt 


FIGURE  35  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  Lh/Lv  RATIO 

Two-Way  Unreinforced  Wall  With  Arching 
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PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 


3 


WALL  PARAMETERS 

Lv  =  8ft 
Lh  =  12  ft 
tw  =  8  in. 
f,  -  1000  psi 
E_  =  1.0  a  106  psi 
•y  =  120  pcf 
Rigid  Supports 


LOAD  PARAMElbRs 
W  =  1  Mt 


0  10  20  30  40 

PERCENT  OPENING 

One  window  opening  symmetrically  located  about  centerlines  of 
front  wall.  3  msec  deiay  in  breaking. 


FIGURE  36  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  PERCENT  WINDOW  OPENING 

Two-Way  Unre'nforcacJ  Wall  With  Arching 


INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 


PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT 


WALL  PARAMETERS 

Ly  =  8ft 
*w  =8in- 

f*  =  3750  psl 
fdy  -  42,000  psi 
p  =  0.0025  (d  =  7  in.) 
p'  =  0.0025  (d*  =  1  in.) 

*-vw  =  0 

lhw  =  0 
Support  Case  2 


LOAD  PARAMETERS 


W  =  1  Mt 
S  =  10  ft 


1.0  1.5  2.0  25  3.0 

FIGURE  38  PEAK  INCIDENT  OVERPRESSURE  AT 
INCIPIENT  COLLAPSE  VERSUS  LH/LV 
RATIO 

Two-Way  Reinforced  Concrete  Wall 
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WALL  PARAMETERS 


LOAD  PARAMETERS 


=  8  in. 

=  3750  psi 
=  42,000  psi 
=  0.0025  (d  =  7  in.) 
=  0.0025  (d'  =  1  in.) 
=  48  in. 


W  =  1  Mt 

S  =  10  ft 

P  =  0 
v 


-vw 

Support  Case  2 


I  ROOM  VOLUME  =  1000  cu^> 


ROOM  VOLUME  =  1500  cu  ft. 


ROOM  VOLUME  =  2000  cu  ft 


PERCENT  OPENING 

One  window  opening  symmetrically  located  about  centerlines  of 
front  wall.  3  msec  delay  in  breaking. 


FIGURE  39  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  PERCENT  WINDOW  OPENING 
Two-Way  Reinforced  Concrete  Wall 


INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 


WALL  PARAMETERS 


LOAD  PARAMETERS 


Ly  =  8ft 

Lh  *  12  ft 


V. 

=  8  in. 

f;c 

=  3750  psi 

fdv 

=  42,000  psi 
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=  0.0025  (d  = 

7  in.) 

♦ 

p 

=  0.0025  (d'  -- 

1  in.) 

Lvw 

=  48  in. 

Support  Case  2 


W  =  1  Mt 
S  =  10  ft 


0  500  1000  1500  2000 

ROOM  VOLUMc  —  cu  ft 

One  window  opening  symmetrically  located  about  centerlines  of 
front  wall.  3  msec  delay  in  breaking. 

FIGURE  40  PEAK  INCIDENT  OVERPRESSURE  AT  INCIPIENT  COLLAPSE 
VERSUS  ROOM  VOLUME 
Two-Way  Reinforced  Concrete  Wall 
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from  controlled  tests  be  used  to  verify  a  mathematical  model.  Unfortu¬ 
nately,  for  the  dynamically  loaaed  alls  examined  in  this  study,  it  was 
possible  to  provide  such  a  correlation  for  only  one  case  where  response¬ 
time  data  were  available.  In  general,  however,  even  with  experimental 
information  available,  certain  data  such  as  physical  properties  and 
precise  load-time  functions  are  either  lacking  or  ill-defined.  There¬ 
fore,  a  deterministic  description  of  behavior  cannot  be  generated  for 
correlation  with  the  experimental  data.  This  is  the  primary  problem 
with  using  the  data  obtained  from  nuclear  field  tests.  For  such  cases, 
it  was  necessary  to  provide  a  probability  distribution  for  the  values 
of  the  unknown  parai»«.lrrs.  This  meant  that  only  the  probability  of 
occurrence  of  the  incipient  collapse  pressure,  rather  than  a  specific 
deterministic  value,  could  be  compared  with  the  experimental  results. 


During  this  program,  it  was  possible  to  compare  analytical  predic¬ 
tions  with  experimental  data  obtained  from  a  wall  tested  in  the  URS  shock 
tunnel  and  with  test  walls  and  houses  in  nuclear  field  tests.  The  results 
of  these  comparisons  are  presented  in  the  following  subsections. 


Laboratory  Wall  Test 

The  dynamic  response  data  from  a  test  of  a  12-in.  thick  brick  wall 
was  obtained  from  URS  Research  Company  for  comparison  with  the  theoret¬ 
ically  predicted  response  prepared  during  this  study.  The  8-ft  high  by 
12-ft  wide  wall  was  Ideated  in  the  URS  shock  tunnel  and  mounted  in  a 
steel  frame  that  provided  simple  support  at  the  top  and  bottom  edges 
while  permitting  the  side  edges  to  move  freely.  Since  the  wall  blocked 
the  cross  section  of  the  tunnel,  it  was  subjected  to  the  full  reflected 
overpressure  on  the  front  face,  while  a  back  face  loading  was  prevented 
until  the  wall  collasped.  The  load  applied  to  the  wall  by  the  blast  wave 
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approximated  a  step  pulse  of  4  psi,  which  decayed  linearly  to  3.3  psi  At 
69  msec  and  to  zero  at  102  msec. 

For  this  analysis,  the  most  useful  test  information  was  the  velocity 
time  data  measured  at  the  horizontal  centerline  of  the  wail;  the  velocity 
gage  recorded  only  during  the  first  4  in.  of  wall  movement.  The  experi¬ 
mental  and  theoretical  velocity-time  data  are  reproduced  in  Figure  41. 
During  the  early  times,  e.  g.,  at  20  msec,  there  is  a  difference  of 
about  100  percent  between  the  experimental  and  predicted  velocity.  How¬ 
ever,  at  90  msec,  the  predicted  velocity  is  only  about  15  percent  higher 
than  the  measured  velocity. 

Although  the  correlation  between  the  theoretical  anc  experimental 
is  excellent  at  the  higher  wall  deflections  (theoretical  wall  deflection 
equals  8.5  in.  at  90  msec),  the  reason  for  the  large  discrepancy  during 
the  early  times  is  not  actually  known,  but  it  could  he  the  result  of 
several  factors.  Since  the  analysis  was  simplified  to  treat  the  wall 
as  a  single-degree-of -freedom  system,  the  higher  response  modes  were 
not  included.  This  c^uld  result  in  relatively  large  differences  in 
response  during  the  early  portion  of  the  elastic  phase,  where  the  max¬ 
imum  deflection  before  cracking  of  an  unreinforced  masonry  wall  is  less 
than  0.1  in.  If  the  model  correctly  predicts  the  wall  response  during 
the  decaying  phase,  the  effect  of  the  differences  in  velocity  during 
the  early  times  would  become  relatively  less  significant  as  the  wall 
deflection  increased  -  this  is  shown  in  Figure  41  to  be  the  case.  On 
the  other  hand,  the  supports  for  the  test  wall  and  the  velocity  gage 
mount  were  independent  of  each  other.  Therefore,  it  is  possible  that 
a  small  differential  motion  between  gage  and  wall  supports  would  result 
in  a  pseudo-wall  velocity.  For  example,  the  experimental  velocity  trace 
shows  a  change  in  slope  at  about  18  msec,  which  could  be  related  to  the 
formation  of  the  primary  horizontal  crack  in  the  test  wall.  This 
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VELOCITY  —  in./sec 


LOAD  PARAMETERS 


WALL  PARAMETERS 

Simple  One-Way  Support 

Lv  -  8  ft 

i  =12  ir>. 
w 

fr  -  200  psi 

Em  =  0.5  x  106  psi 
7  =  120  pcf 


FIGURE  41  VELOCITY  VERSUS  TIME  FOR  ONE-WAV  SIMPLY  SUPPORTED 
BRICK  WALL 
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corresponds  to  a  time  to  first  crack  of  14  msec,  as  measured  experimentally 
by  an  independent  crack  gage,  and  a  time  of  8.5  msec  as  indicated  by  the 
analytical  prediction.  If  the  velocity  gage  time  scale  were  arbitrarily 
corrected  by  the  difference  between  the  theoretical  time  to  cracking  aad 
the  experimental  time  indicated  by  the  velocity  gage,  the  predicted 
velocity  at  20  msec  would  be  about  30  percent  greater  than  the  measured 
velocity,  rather  than  the  100  percent  mentioned  previously. 

Field  Test  Wall  Panels 

References  18  and  19  contain  the  most  comprehensive  field  test  data 
available  for  correlation  with  the  analytical  prediction  method  developed 
in  this  study.  The  test  set-up  consisted  of  a  ser'es  of  reinforced  con¬ 
crete  support  structures,  constructed  of  cells  into  which  various  types 
of  walls  were  bull”  (Figure  42).  The  test  structures  resembled  long,  low, 
narrow  buildings,  although  the  design  permitted  failure  of  individual 
test  wall  panels  without  interference  with  adjacent  panels  or  failure 
of  the  support  structure.  Because  of  the  method  of  constructing  the  wall 
panels,  and  the  stiffness  of  the  support  structure,  one-  or  two-way 
arching  action  was  induced  in  all  walls. 

The  results  of  the  test  for  eight  types  of  concrete  block  or  brick 
masonry  walls  were  used  for  comparison  with  the  analytical  predictions 
made  in  this  study.  The  probability  of  occurrence  of  the  incipient 
collapse  overpressure  of  each  wall  was  calculated  by  the  method  outlined 
in  Section  IV,  the  details  of  which  are  presented  in  Appendix  C. 

A  summary  of  the  eight  walls  analyzed  and  their  physical  properties 
is  given  in  Table  3.  The  results  of  the  statistical  analyses  are  summa¬ 
rized  in  Table  4  and  also  shown  graphically  in  Figure  43.  A  brief  dis¬ 
cussion  of  the  predictions  for  each  wall  type,  together  with  a  comparison 
to  the  field  test  results,  follows: 
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NOT  REPRODUCIBLE 


ARCHING  WALL  PANEL  TEST  STRUCTURES 


FIGURE  43  STATISTICAL  ANALYSIS  OF  INCIPIENT  COLLAPSE  OVERPRESSURE 
FOR  ARCHING  WALLS 


Wall  Type  1-8  in.  Erick  Wail.  Only  the  results  of  the  analysis 
of  this  105  in.  high  by  165  in,  wide  wall  will  be  summarized  here,  since 
a  detailed  analysis  is  contained  in  Appendix  C.  The  values  obtained  for 
the  10,  50,  and  90  percent  probabilities  of  collapse  were  8.9,  12.9,  and 
16.8  psi,  respect ively.  These  compare  fairly  well,  although  perhaps 
somewhat  on  the  high  side,  with  the  field  test  results  (Ref.  18),  which 
showed  slight  damage  occurring  at  7,1  psi  and  collapse  at  12  psi. 

Wall  Type  2  -  8  in.  Brick  Wall.  Thii  wall  is  similar  to  wall  type  1 
except  that  the  dimensions  are  120  in.  high  by  192  in.  wide.  The  results 
obtained  for  the  10,  50,  and  90  percent  probability  values  were  7.1,  9.8, 
and  12.6  psi,  somewhat  lower  than  the  corresponding  values  for  the  first 
wall  type.  The  field  test  results  (Ref.  19)  showed  that  the  wall  tested 
at  4.5  psi  did  not  fail,  while  the  wall  tested  at  8.4  psi  collapsed.  The 
predicted  results  again  agr«.e  fairly  well  with  the  test  results,  although 
possibly  on  the  high  side. 

Wall  Type  3-12  in.  Brick  Wall.  Thf  results  obtained  for  the 
10,  50,  and  90  percent  probability  values  weA*e  1C. 5,  24.2,  and  31.9  psi, 
respectively.  These  values  are  substantially  tS\ffarsnt  than  the  field 
test  results  (Ref.  19),  where  the  wall  tested  at  the  3.4  psi  overpressure 
level  collapsed.  A  possible  explanation  of  this  rather  wide  diffeionce 
between  the  predicted  and  test  results  is  indicated  by  an  examination  of 
the  field  test  results.  Pictures,  such  as  Figure  44,  show  that  a  fail¬ 
ure  occurred  on  a  nearly  vertical  plane  normal  to  the  wall  near  .he 
center  of  the  horizontal  span.  This  indicates  that  arching  did  not  de¬ 
velop  in  the  vertical  direction,  and,  therefore,  the  primary  resistance 
of  the  wall  was  caused  by  one-way  horizontal  arching.  If  the  wall  is 
analyzed  using  the  mean  values  of  and  E.  and  assuming  that  the  wall 
arches  in  the  horizontal  direction,  the  predicted  incipient  collapse 


FIGURE  44  PICTURE  OF  12  IN.  BRICK  WALL  PANEL  TEST 


overpressure  is  6,2  psi.  This  is  in  much  closer  agreement  with  the  field 
test  results.  It  was  also  noted  in  the  test  report  that  failure  occurred, 
at  least  partially,  along  a  diagonal  plane,  which  indicates  the  possi¬ 
bility  of  a  shear  failure.  This  mode  of  failure  was  not  investigated 
in  the  study  herein. 

Wall  Type  4  -  S  in.  Concrete  Block  Wall.  The  predictions  for  the 
10,  50,  and  90  percent  probability  values  were  3.1,  4.4,  and  5.6  psi. 

Field  test  results  (Ref.  19)  showed  failure  at  the  4.5  psi  overpressure 
level,  indicating  a  good  agreement  between  the  analytical  and  test  results. 

Wall  Type  5-12  in.  Concrete  Block  Wall.  The  results  obtained  for 
the  10,  50  and  90  percent  probability  values  were  6.4,  8.9,  and  10.4  psi. 
These  values  disagree  with  the  field  test  results  (Ref.  19)  where  the 
wall  failed  when  subjected  to  4.5  psi  overpressure.  The  reason  for 
the  disagreement  is  not  known  although  it  may  possibly  have  resulted 
from  the  assumed  resistance  function,  which  is  only  approximate  for 
arching  walls  constructed  of  hollow  block  masonry. 

Wall  Type  6  -  4  in.  Concrete  Block  -  in.  Brick  Wall.  The  results 
obtained  for  the  10,  50,  and  90  percent  probability  values  were  2.7,  4.0, 
and  5.2  psi,  which  are  in  good  agreement  with  the  field  test  results 
(Ref.  19)  in  which  two  walls  of  the  same  type  failed  when  subjected  to 
4.5  psi  overpressure. 

Wall  Type  7  -  8  in.  Concrete  Block  -  4  in.  Brick  Wall.  The  height 
of  the  wall  was  120  in.  with  a  length  of  192  in.,  resulting  in  a  height- 
to-length  ratio  of  0.625.  The  values  used  for  the  compressive  strength 
were  obtained  from  materials  strength  field  data,  which  showed  a  com¬ 
pressive  strength  for  the  8  x  8  x  16  in.  hollow  masonry  units  of  1050  psi 


based  on  the  gross  section.  Since  the  net  area  is  approximately  60  per¬ 
cent  of  the  gross  section,  this  results  in  a  value  of  1750  psi  for  the 
compressive  strength  of  the  material.  Assuming  a  further  30  percent  re¬ 
duction  in  strength  as  a  result  of  the  effects  of  workmanship,  a  final 
value  of  1200  psi  was  used  for  the  mean  compressive  strength.  A  standard 
deviation  of  350  psi  was  obtained  by  assuming  the  5  and  95  percent 
probability  values  to  be  600  and  1800  psi,  respectively.  The  results 
obtained  for  the  10,  50,  and  90  percent  probability  values  were  6.8,  9.3, 
and  11.8  psi,  respectively.  These  correspond  to  the  field  test  results 
(Ref.  19),  in  which  none  of  the  three  walls  tested  at  4.5  psi  failed, 
while  all  three  walls  tested  at  8.4  psi  failed.  Again,  this  indicates 
fair  agreement,  although  slightly  on  the  high  side. 

Wall  Type  8-8  in.  Concrete  Block  ~  4  in.  Brick  Wall  (l9  percent 
openings) .  This  type  of  wall  was  identical  to  the  preceding  wall  type, 
except  that  it  contained  19  percent  window  openings.  Because  of  these 
openings,  it  was  not  known  whether  the  wall  would  be  able  to  develop 
two-way  structural  action.  Therefore,  in  addition  to  the  analysis  for 
two-way  arching,  the  wall  was  analyzed  for  one-way  arching  action  be- 
twee.  the  top  and  bottom  supports.  The  results  obtained  for  the  10,  50, 
and  90  percent  probability  values  were  11.5,  13.6,  and  15.6  psi  for 
one-way  arching  and  15.8,  18.8,  and  21,8  psi  for  two-way  arching.  These 
results  indicate  a  substantial  increase  in  the  incipient  collapse  over¬ 
pressure  of  the  wall  (for  either  one-way  or  two-way  arching)  as  a  result 
of  the  presence  of  window  opening.  The  field  test  results  (Ref.  19), 
although  substantiating  the  results  of  both  these  analyses  to  some  ex¬ 
tent,  do  not  indicate  whether  two-way  arching  was  developed,  since  none 
of  the  12  walls  tested  at  8.4  psi  failed. 


143 


Overall,  the  results  obtained  from  the  statistical  analysis  of  the 
eight  wall  types  agree  fairly  well  with  the  results  of  the  field  tests, 
although  the  predictions  were  generally  somewhat  on  the  high  side.  The 
discrepancies  noted  could  be  because  of  the  lack  of  valid  material  prop¬ 
erty  data  for  the  test  walls.  Also,  the  variation  may  be  related  to  the 
effect  of  two-way  arching  action,  since  little  experimental  information 
was  available  for  the  development  of  the  resistance  function.  As  noted 
for  the  12  in.  concrete  block  wall,  there  is  also  the  possibility  of  a 
wall  failing  in  a  different  mode  than  assumed  in  the  analysis.  For 
arching  walls,  this  would  result  in  lower  incipient  collapse  pressures 
than  those  predicted. 

Field  Test  Brick  Houses 

The  results  of  nuclear  field  tests  of  two  types  of  brick  load-bearing 
wall  houses  were  available  for  comparison  with  the  predictions  from  the 
analytical  two-way  action  models  developed  for  unreinforced  masonry  walls 
without  arching.  The  first  type  was  a  two-story  house  representing 
typical  European  construction.  Two  identical  houses  of  this  type  were 
tested  during  Operation  GREENHOUSE,  one  at  an  overpressure  level  of 
3.4  psi  and  the  other  at  an  overpressure  of  8.7  psi  (Ref.  22).  The 
second  type  was  a  two-story  house  representing  typical  U.S.  construction 
practice.  Two  of  these  houses  were  tested  during  Operation  TEAPOT,  at 
overpressure  levels  of  1.7  and  5.1  psi  (Ref.  23). 

The  masonry  walls  of  the  houses  with  the  European  type  of  construc¬ 
tion  were  generally  much  thicker  than  in  U.S.  practice.  Also,  an  abun¬ 
dance  of  lumber  was  used  in  the  floors  and  roofs,  and  the  use  of  sand 
as  insulation  in  ceilings  was  markedly  different  from  U.S.  construction. 
These  differences  result  in  the  European  house  being  significantly 
stronger  than  its  U.S.  counterpart, as  indicated  both  by  the  test  results 


and  the  analyses.  Predicted  incipient  collapse  overpressures  were  6.2  and 
2.4  psi,  respectively.  Other  differences  between  the  two  types  of  houses 
that  tended  to  make  the  European  house  stronger  included  the  use  in  the 
latter  of  8-in.  thick  brick  interior  load-bearing  walls,  which  served  as 
shear  wall-  h* riding  the  front  wall  into  essentially  four  continuous  seg¬ 
ments  over  rigid  supports  in  both  the  upper  and  lower  stories.  Finally, 
the  ceiling  and  floor  .joists  in  the  European  house  were  supported  by  the 
front  and  rear  walls,  compared  with  the  side  walls  in  the  U.S.  house, 
which  placed  a  larger  vertical  load  on  the  front  walls  of  the  European 
house . 

In  subsequent  subsections,  a  deterministic  analysis  of  each  type 
of  house  is  presented,  and  the  results  are  compared  with  the  field  test 
data.  Following  this,  the  results  of  a  statistical  analysis  to  determine 
the  probability  of  occurrence  of  the  incipient  collapse  overpressure  of 
the  houses  are  described. 

Brick  Houses  (GREENHOUSE).  Front  elevation  and  plan  views  of  the 
brick  load-bearing  wall  houses,  representative  of  European  construction, 
are  shown  in  Figures  45  and  46.  The  houses  are  approximately  42  ft  by 
33  ft  in  plan  and  36  ft  high.  The  exterior  walls  are  12-in.  thick  brick. 
Three  8  in.  brick  interior  partitions  rur.  transversely  to  the  side  walls, 
and  a  load-bearing  partition,  constructed  of  2  x  6  in.  studs  on  12  in. 
centers  covered  by  1  /2  in.  of  plaster  on  metal  lath,  runs  longitudinally 
along  the  center  of  the  house.  Roof  rafters  (2  x  8  in.  on  12  in.  centers) 
and  ceiling  joists  (2  x  10  in.  on  12  in.  centers)  run  parallel  to  the 
side  walls  and  are  supported  by  the  front  and  rear  walls  and  the  longi¬ 
tudinal  load-bearing  partition. 


FIGURE  45  FRONT  ELEVATION  OF  TWO-STORY  BRICK  HOUSE 
(GREENHOUSE) 


FIGURE  46  PLAN  VIEW  OF  TWO-STORY  BRICK  HOUSE  (GREENHOUSE) 


Test  Results 


The  two  houses  were  tested  at  overpressure  levels  of  3.4  and 
8.7  psi.  The  house  located  at  the  3.4  psi  overpressure  level  was  about 
10  percent  damaged  (100  percent  damage  taken  as  complete  collapse)  with 
the  main  damage  consisting  of  the  windows  being  blown  out,  some  spalling 
of  interior  partitions,  and  stripping  of  the  roof.  With  the  exception 
of  cracks  in  about  80  percent  of  the  fill-in  brickwork  under  the  eaves 
and  a  horizontal  crack  in  the  gable  of  the  right  wall,  there  was  no 
damage  to  any  of  the  brick  walls. 

The  house  at  8.7  psi  overpressure  was  about  40  percent  damaged. 
Figures  47  and  48  show  front  and  left-side  views  of  the  post-test  damage. 
The  front  and  rear  walls  were  relatively  undamaged,  remaining  in  place 
with  the  exception  of  the  upper  left  corner  of  the  front  wall.  The 
front  wall  cracked  vertically  along  the  8  in.  brick  shear  walls  at  either 
side  of  the  lower  hall.  In  contrast,  the  side  walls  were  almost  com¬ 
pletely  demolished,  both  failing  outward.  The  difference  in  damage 
was  stated  to  be  "...  probably  due  to  the  fact  that  the  front  walls 
receive  additional  support  from  the  first  and  second  floor  ceiling  joists, 
whereas  the  side  walls  are  comparatively  free  standing  against  inside 
loads.  The  pressure  inside  the  front  rooms  could  have  reached  a  level 
higher  than  side-on  due  to  reflection  of  the  blast  wave  entering  the 
front  window,  thus  probably  causing  the  net  loading  on  the  side  walls 
to  be  outward." 

Analysis 

Front  Wall .  The  complexity  of  these  brick  load-bearing  wall 
structures  makes  a  precise  analysis  impossible.  However,  by  making  cer¬ 
tain  assumptions,  an  estimate  of  the  incipient  collapse  overpressure 
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8.7  PSI  OVERPRESSURE  (GREENHOUSE) 


FIGURE  48  POST-SHOT  PICTURE  OF  LEFT  SIDE  OF  BRICK  HOUSE  LOCATED 
AT  8.7  PSI  OVERPRESSURE  (GREENHOUSE) 
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can  be  made  with  the  procedu.es  developed  in  this  study.  The  presence 
of  the  8  in.  brick  interior  partitions  and  first  floor  ceiling  divide 
the  front  wall  into  eight  continuous  panels  over  essentially  rigid 
supports.  Since  these  panels  are  of  appro,  imately  equal  dimensions, 
with  each  containing  an  opening,  they  are  believed  to  be  about  the  same 
strength.  An  approximation  of  the  strength  of  the  front  wall  may  there¬ 
fore  be  obtained  by  analyzing  any  of  the  panels.  The  panels  analyzed 
herein  were  the  upper  and  lower  panels  adjacent  to  the  left  edge  of  the 
house.  These  panels  were  selected  because  the  interior  rooms  behind  the 
panels  were  not  complicated  by  the  presence  of  closets  or  other  obstruc¬ 
tions,  thus  giving  more  credence  to  the  values  obtained  from  the  interior 
room  pressure  calculations. 

The  panels  were  assumed  to  behave  as  two-way  walls  fixed  on 
four  edges.  The  properties  of  the  wall  are  summarized  as  follows : 

Ly  =  126  in. 

Lh  =  126  in. 

t¥  =  12  ir». 

y  =  120  pcf 

Ea  =  1,000,000  psi 

fr  =  100  psi 

Py  =  31.4  Ib/in.  (upper  story);  111,3  lb/in.  (lower  story) 

Ly  H  =  72  in . 

L„h  =  48  in. 

Since  information  regarding  the  modulus  of  elasticity,  E, ,  and  the  modulus 
of  rupture,  f r ,  was  not  available  for  the  two  houses  tested,  the  values 
above  were  chosen  from  studies  of  other  tests  as  being  '  typical"  values 
of  brick  structures  employing  good  construction  practice. 
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The  exterior  loading  was  assumed  to  result  from  an  idealized 
nuclear  blast  wave,  as  shown  in  Figure  1.  The  parameters  required  to 
define  the  loading  are  summarized  as  follows: 

W  =  <7  kt 

P0  =  1*1.7  psi 

c0  =  1120  fps 

S  =  7.1  ft  (upper  story);  7.3  ft  (lower  story) 

The  clearing  distance,  S,  was  determined  by  the  procedure  outlined  in 
Section  II.  The  weighted  average  clearing  distance,  which  was  considered 
to  be  a  minimum,  was  calculated  to  be  2.78  ft  for  the  upper  panel  and 
3.16  ft  for  the  lower  panel.  The  maximum  clearing  distance,  assumed  to 
be  equal  to  the  greatest  distance  from  any  point  of  the  panel  to  the 
nearest  edge  of  the  building  where  clearing  could  occur,  was  determined 
to  be  11.42  ft  for  both  panels.  The  maximum  and  minimum  values  of  S 
were  then  averaged  to  obtain  the  values  used  in  the  analysis. 

The  interior  wall  loading  wis  determined  using  the  room-filling 
process  described  in  Section  II.  A  failure  time  of  3  msec  was  assumed 
for  the  front  windows,  during  which  time  the  interior  pressures  remained 
at  zero  (Refs.  2  and  24).  The  load-bearing  partition  along  the  center 
of  the  house  was  assumed  to  remain  standing  during  the  time  of  collapse 
of  the  front  wall.  This  assumption  was  made  since  it  was  felt  that  even 
if  the  partition  failed  at  the  pressure  corresponding  to  the  incipient 
collapse  overpressure  of  the  front  wall,  the  time  required  for  failure 
would  be  such  that  the  effect  of  the  resulting  change  in  the  interior 
pressure  on  the  behavior  of  the  front  wall  would  be  insignificant.  The 
net  load  on  the  front  wall  was  then  obtained  by  subtracting  the  interior 
load  from  the  exterior  load. 
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The  upper  and  lower  panels  were  analyzed  with  the  net  load 
obtained  as  noted  above  and  with  the  cwo-wav  action  model  developed  in 
Section  III  to  determine  the  resistance  function  for  unreinforced  masonry 
walls  without  arching.  The  peak  incident  overpressures  at  incipient 
collapse  were  found  to  be  6.2  psi  for  the  upper  panel  and  7.8  psi  for 
the  lower  panel.  These  values  agree  fairly  well  with  the  test  results, 
although  they  may  be  slightly  low  since  the  front  wall  of  the  test  house 
remained  standing  at  8.7  psi,  except  for  the  upper  lefthand  corner,  as 
shown  in  Figure  47.  Possible  reasons  for  this  discrepancy  may  be  dif¬ 
ferences  between  the  actual  and  assumed  values  for  the  modulus  of  rupture 
or  clearing  distance,  the  unknown  effect  of  failure  of  the  side  walls  on 
the  interior  pressure  build-up,  or  some  other  factor. 

Side  Wall.  The  test  results  for  the  house  tested  at  8.7  psi 
showed  that  the  side  walls  failed  outward.  To  determine  whether  the 
model  developed  herein  would  indicate  such  behavior,  an  analysis  of  one 
side  wall  was  made.  To  make  this  analysis,  several  assumptions  were 
required  in  addition  to  those  made  for  the  front  wall.  Since  the  com¬ 
puter  program  used  for  the  analysis  was  not  developed  to  solve  for  the 
incipient  collapse  overpressure  for  a  side  wall,  only  its  behavior  at 
specific  overpressure  levels  of  interest  was  determined. 

The  net  load  on  the  side  wall  was  determined  by  calculating  the 
exterior  pressure-time  function  using  the  procedure  given  in  Ref.  12  and 
subtracting  the  interior  pressure  found  from  the  room-filling  process 
discussed  in  Section  II.  The  determination  of  the  interior  pressure  was 
complicated,  since  the  load-bearing  partition  failed  during  the  loading 
process,  thus  changing  the  size  of  the  room  in  which  room  filling  takes 
place.  Since  the  method  used  to  calculate  the  interior  pressure  was 
unable  to  account  for  a  change  in  room  volume  during  the  analysis 
(even  if  it  could  account  for  such  a  change,  the  exact  time  of  failure 
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of  the  partition  was  unknown),  the  interior  pressure  was  determined  for 
two  eases;  one  in  which  the  interior  partition  did  not  fail  and  the 
other  as  if  the  partition  was  nonexistent  (thus  creating  a  larger  volume 
room).  The  resulting  analytical  net  load  functions  for  these  two  cases 
are  shown  in  Figures  49  and  50.  The  analytical  results  from  these  two 
extremes  are  felt  to  bracket  the  actuai  net  load  on  the  sidewall. 

The  manner  in  which  the  side  wall  responds  to  this  net  load  is 
extremely  complicated.  Although  the  net  load  on  the  wall  is  seen  to  be 
initially  inward,  the  interior  pressure  soon  becomes  greater  than  the 
exterior  pressure,  resulting  in  a  net  outward  load.  This  outward  load 
continues  for  the  duration  of  the  blast  wave,  although  decreasing  in 
magnitude.  This  results  in  a  similar  behavior  of  the  side  wall,  i.e., 
it  initially  deflects  inward  and  at  some  later  time  changes  direction 
and  deflects  outward.  Depending  on  the  magnitude  and  duration  of  the 
inward  and  outward  portions  of  the  net  load,  failure  may  occur  in  either 
direction.  To  use  the  previously  developed  computer  program  for  analyzing 
the  behavior  of  the  side  wall  under  such  a  loading,  it  was  necessary  to 
treat  the  inward  and  outward  portions  of  the  net  load  as  it  they  acted 
separately  on  the  wall.* 

The  support  conditions  during  this  behavior  vary,  depending  on 
the  direction  in  which  the  wall  is  responding.  During  inward  motion  of 
the  wall  the  floors,  because  of  their  axial  stiffness,  act  essentially 
a3  rigid  supports.  Thus,  for  this  phase,  the  walls  were  analyzed  as 
being  fixed  at  the  ground  level  and  at  the  first  and  second  floor  ceilings. 


*  The  computer  program  used  in  the  analysis  has  not  yet  been  developed 
sufficiently  to  analyze  a  wall  that  deflects  initially  in  one  direc¬ 
tion  and,  if  failure  does  not  occur  in  that  direction,  subsequently 
deflects  in  the  other  direction.  Therefore,  the  results  from  an 
analysis,  in  which  the  two  portions  are  treated  separately,  must  be 
considered  as  merely  a  first  approximation  of  the  actual  behavior. 
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However,  during  outward  motion  of  the  wall,  the  amount  of  restraint  pro¬ 
vided  by  the  floors  depends  on  the  strength  of  the  connections  between 
the  floors  and  wall.  For  many  cases,  this  restraint  may  be  very  small, 
which  leaves  the  wall  nearly  free-standing  against  interior  loads. 

Since  the  amount  of  restraint  provided  by  the  connections  between  the 
floor  and  wall  was  not  known,  the  behavior  of  the  side  wall  during  out¬ 
ward  motion  was  analyzed  for  each  of  the  following  three  support  condi¬ 
tions  : 

1.  Fixed  at  ground  level  and  first  and  second  floor  ceilings. 

2.  Fixed  at  ground  level  and  second  floor  coiling;  no  re¬ 
straint  provided  by  first  floor  ceiling. 

3.  Simply  supported  at  ground  level  and  first  and  second 
floor  ceilings. 

Initially,  i.e.,  when  the  net  pressure  was  inward,  the  behavior  of  the 
wall  was  felt  to  correspond  to  the  first  support  condition.  However, 
if  the  reaction  at  the  first  floor  ceiling  exceeds  the  restraint  provided 
by  the  connections,  subsequent  behavior  would  correspond  more  closely 
to  the  second  support  condition.  Since  the  computer  program  has  not 
been  sufficiently  developed  to  account  for  a  change  in  the  support  con¬ 
ditions  during  the  response  of  the  wall,  the  third  support  condition 
was  introduced  to  act  as  a  comparison  with  the  first  two  conditions. 

For  the  case  where  the  load-bearing  partition  remained  standing, 
it  was  assumed  to  provide  the  same  restraint  as  that  provided  by  the 
first  floor  ceiling.  For  the  case  where  the  partition  was  taken  to  be 
nonexistent,  no  restraint  was  provided. 

The  results  of  the  analysis  were  essentially  the  same  for  the  two 
assumptions  regarding  the  interior  loading,  indicating  that  the  effect 
of  these  assumptions  is  inconsequential  for  the  analysis.  For  each  of 
the  three  support  conditions  considered,  the  analyses  predicted  no 
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failure-  dui-lriK  the  Inwai-u  motion  of  the  wail.  During  the  outward  motion, 
however,  failure  was  predicted  to  occur  for  the  cases  where  the  first 
floor  ceiling  was  assumed  to  provide  no  restraint  (Case  2,),  or  only  re¬ 
straint  equivalent  to  a  simply  supported  edge  (Case  3).  For  Case  1, 
where  the  wall  was  assumed  to  be  fixed  at  all  levels,  no  failure  was 
predicted.  Since  the  field  test  wall  failed  during  the  outward  motion, 
it  is  probable  that  the  condition  of  fully  fixed  edges  at  all  floor 
levels  was  incorrect. 

A  similar  analysis  performed  for  the  house  tested  at  3.4  psi 
overpressure  indicated  failure  would  occur  during  the  outward  motion 
for  Case  2,  but  that  no  failure  would  occur  for  Cases  1  and  3,  where 
the  first  floor  was  assumed  to  provide  either  a  fixed  or  simply  supported 
edge.  Since  no  failure  of  the  side  wall  occurred  in  the  t.^st  house 
located  at  3.4  psi  overpressure,  the  analyses  indicate  that  the  floors 
do  provide  some  restraint.  However,  the  restraint  is  not  enough  to 
provide  a  fully  fixed  condition  during  the  entire  behavior  of  the  wall ; 
this  was  the  behavior  expected. 

At  the  incipient  collapse  overpressure  of  6.2  psi  for  the  upper 
front  wall,  the  analysis  predicts  a  failure  of  the  side  wall  also.  How¬ 
ever,  for  a  10  percent  increase  in  the  modulus  of  rupture,  no  failure 
is  predicted,  indicating  that  incipient  collapse  of  both  the  front  and 
side  walls  occurs  at  approximately  the  same  overpressure.  Therefore, 
the  predicted  incipient  collapse  overpressure  for  the  house  is  6.2  psi. 

Brick  Houses  (TEAPOT).  Figure  51  shows  the  front  view  of  the  two- 
story  and  basement  brick  houses,  typical  of  U.S.  construction,  that 
were  tested  during  Operation  TEAPOT.  The  houses  were  approximately 
25  ft  by  33  ft  in  plan  and  22  ft  in  height.  The  first  floor  plan  view 
is  shown  in  Figure  52.  The  8-in.  thick  exterior  load-bearing  walls 
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FIGURE  5t  FRONT  VIEW  OF  TWO-STORY  BRICK  HOUSE  (TEAPOT) 


FIGURE  52  PLAN  VIEW  OF  TWO-STORY  BRICK  HOUSE  (TEAPOT) 
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were  constructed  of  an  outer  wythe  of  brick  and  a  back-up  wythe  of  cinder 
block.  The  basement  walls  were  12-in.  thick  cinder  block.  The  gable 
roof  was  of  typical  frame  construction  with  2x4  in.  joists  at  16  in. 
centers  running  parallel  to  the  side  walls  of  the  house.  First  and 
second  floor  joists  were  2x8  in.  at  16  in.  centers,  and  ran  parallel 
to  the  front  wall,  with  a  4  in.  bearing  on  the  cinder  block  wythe.  The 
construction  was  conventional,  with  no  special  attempts  made  to  strengthen 
the  house. 


Test  Results 


The  two  houses  were  tested  at  overpressure  levels  of  1.7  and 
5.1  psi.  The  house  located  at  1.7  psi  suffered  relatively  heavy  damage, 
although  there  was  no  apparent  damage  to  the  exterior  masonry  walls. 

The  windows  and  doors  were  blown  in,  and  there  was  considerable  damage 
to  the  roof  and  second-floor  framing.  Interior  plastered  wall  and  ceiling 
finishes  were  badly  damaged. 

The  aboveground  portion  of  the  house  at  the  5.1  psi  overpressure 
Level  was  demolished  beyond  repair.  Exterior  walls  had  collapsed  outward, 
with  little  wall  debris  falling  on  the  floor  framing.  Some  of  the  load- 
bearing  partitions  around  the  staircase  remained  standing,  but  were 
badly  racked.  The  12-in.  thick  cinder  block  basement  walls  below  the 
ground  surface  suffered  little  damage.  In  regard  to  the  outward  failure 
of  the  exterior  walls,  Ref.  23  states: 

The  second-floor  system  offered  considerable  resis¬ 
tance  to  the  external  pressure  of  the  blast ;  it 
appears  the  blast  wave,  as  it  enveloped  the  house, 
blew  in  the  windows  and  doors  and  built  up  a  high 
overpressure  inside  the  house,  at  the  same  time 
weakening  the  front  wall  and  probably  the  others. 

As  the  pressure  outside  dropped  off  in  intensity, 
the  high-pressure  volume  of  air  inside  the  house 
expanded  and  forced  the  walls  outward,  collapsing 
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the  structure.  The  second-floor  system  as  designed 
vp vy  1 1 1 1 1  c  resistance  to  iJitcrnsl  3 stcrul 
pressure  since  the  fire-cut  joists  were  designed  to 
hen.'  on,  but  were  not  secured  to,  the  cinder-block 
w%  the  of  the  exterior  wall. 

Analysis 

Front  Wail.  As  was  the  case  with  the  brick  houses  tested  during 
Operation  GREENHOUSE,  several  assumptions  were  required  to  reduce  the 
complex  structural  action  of  the  brick  houses  tested  during  Operation 
TEAPOT  to  cases  that  coul i  be  analyzed  using  the  mathematical  models 
developed  i.i  this  study. 

To  simplify  the  determination  of  the  interior  load,  only  the 
righthand  portion  of  the  house  was  considered.  The  room-filling  process 
thus  involved  only  one  room,  rather  than  a  series  of  rooms.  This  room, 
as  shown  in  Figure  52,  has  four  openings;  one  in  the  front  wall,  two 
in  the  side  wall,  and  one  in  the  rear  wall.  The  interior  partitions 
were  assumed  to  survive  for  a  sufficient  time  so  that  the  room-filling 
process  was  not  affected  by  their  failure. 

The  properties  oi  the  front  wall  are  summarized  as  follows: 

I,v.  =  100  in.  (upper  story);  98  in.  (lower  story) 

I.„  =  150  In. 

t„  =8  in, 

Y  =  105  pcf 

E,  =  1,000,000  psi 

fr  =  100  psi 

Pv  =  10  lb 'in.  (upper  story);  60  lb/in.  (lower  story) 

I.v  n  =  '18  in . 

I.M  „  ~  ’8  in . 
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The  composite  wall  was  assumed  to  act  as  a  solid  wall  having  material 
properties  equal  to  the  average  of  the  brick  and  cinder  block.  Again, 
since  information  regarding  the  modulus  of  elasticity  and  the  modulus 
of  rupture  was  not  available,  the  typical"  values  given  above  were 
used . 

The  exterior  loading  for  this  case  was  also  assumed  to  result 
from  an  idealized  nuclear  blast  wave,  as  shown  in  Figure  1.  The  param¬ 
eters  required  to  define  the  loading  are  summarized  as  follows: 

W  =  30  kt 

P0  =  13.0  psi 

c0  =  1104  fps 

S  =  5.8  ft  (upper  story);  8.2  ft  (lower  story) 

The  values  for  S  were  determined  by  the  procedure  outlined  in  Section  II, 
with  the  minimum  value  of  the  clearing  distance  being  approximately 

3.3  ft  for  both  the  upper  and  lower  stories  and  the  maximum  values  being 

8.3  ft  for  the  upper  story  and  13.1  ft  for  the  lower  story.  The  average 
of  the  maximum  and  minimum  values  results  in  the  clearing  distances  shown 
above.  For  determining  the  interior  pressure  build-up,  the  windows 

were  assumed  to  break  ir.  3  msec. 

The  incipient  collapse  overpressure  for  the  front  wall ,  ‘using 
the  values  indicated  above,  was  calculated  to  be  2.4  and  3.2  psi  for  the 
upper  and  lower  stories,  respectively.  These  compare  favorably  with  the 
test  results,  which  showed  no  failure  of  the  front  wall  at  1.7  psi  and 
collapse  at  5.1  psi. 

Side  Wall,  The  side  wall  was  analyzed  using  the  same  three 
support  conditions  discussed  for  the  brick  houses  tested  during  Operation 
GREENHOUSE.  Analyses  of  the  wall  for  eati  of  these  three  support  condi¬ 
tions  predicted  no  failure  of  the  wall  at  the  1.7  psi  test  location  and 
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failure  in  an  outward  direction  ox  the  wall  at  the  5.1  psi  test  location. 
Although  these  agree  with  the  test  results,  there  is  no  irdication  as  to 
which  of  the  support  conditions  describes  the  actual  wall  more  accurately. 
At  the  predicted  incipient  collapse  overpressure  of  2.4  psi  for  the  front 
wall  upper  story,  no  failure  was  predicted  for  the  side  wall  for  any  of 
the  three  support  conditions.  This  indicates  that  the  front  wall  is 
predicted  to  fail  at  a  lower  overpressure  level  than  the  side  wall. 

Hear  Wall.  The  rear  wall  was  also  analyzed  for  each  of  the 
three  support  conditions  considered  for  the  side  wall.  The  procedure 
outlined  in  Ref.  12  was  used  to  determine  the  average  pressure-time 
function  tor  the  exterior  face  of  the  rear  wall.  The  clearing  dis¬ 
tance,  S,  used  to  determine  the  time  to  maximum  load  was  taken  to  be  the 
greatest  distance  from  any  point  on  the  panel  under  consideration  to  the 
nearest  edge  of  the  building  where  clearing  could  occur.  Any  exterior 
loading  resulting  from  outward  flow  through  the  windows  in  the  rear  wall 
was  ignored.  The  interior  pressure  used  for  the  rear  wall  was  the  same 
as  that  for  the  front  and  side  walls.  However,  the  interior  load  on  the 
rear  wall  was  assumed  to  remain  at  zero  until  a  time  equal  to  the  time 
required  for  the  failure  of  the  front  window,  taken  as  3  msec,  plus  the 
time  required  for  the  interior  shock  front  to  travel  across  the  room. 

The  calculated  exterior  and  interior  pressures,  together  with  the  net 
load  on  the  rear  wall,  are  shown  in  Figure  53  for  the  case  of  the  house 
located  at  the  5.1  overpressure  level.  The  small  net  load  acting  inward 
was  ignored  in  the  analysis.  The  analysis  indicated  that  the  rear  wall 
failed  outward  at  the  5.1  psi  overpressure  range  for  all  three  support 
conditions. 

For  the  house  located  at  1.7  psi,  no  failure  was  predicted  for 
the  rear  wall  for  any  of  the  three  support  conditions.  These  results 
correspond  to  the  field  test  results.  At  the  incipient  collapse 
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NET  —  psi  INTERIOR 


FIGURE  53  CALCULATED  LOAD-TIME  ON  REAR 
WALL  OF  BRICK  HOUSE  (TEAPOT) 


overpressure  of  2. I  psi  predicted  for  the  front  wail,  no  failure  is  pre¬ 
dicted  for  the  rear  wall.  Thus,  for  this  house,  the  front  wall  is  pre¬ 
dicted  to  be  the  initial  wall  element  to  fail  and  the  incipient  collapse 
overpressure  for  the  house  may  be  taken  as  the  value  corresponding  to 
the  incipient  collapse  of  the  front  wall. 

Summary  The  two-way  action  model  developed  in  this  study  for 
unreinforced  masonry  walls  without  arching  gave  results  that  were  in  rea¬ 
sonable  agreement  with  the  test  data  obtained  from  the  two-story  brick 
houses  induced  in  Operations  GREENHOUSE  and  TEAPOT.  However,  to  analyze 
the  actual  structure,  it  was  necessary  to  make  assumptions  regarding  the 
material  properties,  wall  support  conditions,  and  loading.  Therefore, 
even  though  the  predictions  gave  a  good  indication  of  the  behavior  of 
complex  brick  structures,  the  analytical  procedures  should  be  considered 
as  interim  techniques  until  additional  correlation  with  experimental  re¬ 
sults  can  be  obtained. 

It  also  should  be  remembered  that  at  the  present  time  there  are 
very  few  experimental  results  available  on  which  to  base  the  formulation 
of  analytical  procedures  for  predicting  collapse  of  structural  elements, 
and  that  virtually  all  experimental  information  that  do  exist  are  for 
high  explosive  or  low  kiloton  yield  tests.  One  question  that  must  be 
raised  for  .he  larger  weapon  yields  is  concerned  with  the  effect  of  the 
long  duration  dynamic  pressure  phase  on  structural  collapse.  For  in¬ 
stance,  it  is  possible  that  a  structure  or  element  could  be  weakened 
during  the  relatively  short  diffraction  phase,  but  not  collapse  unless 
it  was  subjected  to  the  long  duration  drag  forces  from  a  megaton  yield 
weapon . 


Statistical  Analysis.  In  the  previous  deterministic  analyses 
of  the  brick  houses,  specific  values  for  the  modulus  of  elasticity. 
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modulus  of  rupture,  and  clearing  distance  were  assumed.  In  reality,  how¬ 
ever,  precise  values  for  these  parameters  were  not  known,  and  the  best 
that  they  could  be  known  is  to  some  degree  of  statistical  accuracy.  To 
take  into  account  the  uncertainty  in  the  values  of  the  physical  parame¬ 
ters  for  the  actual  brick  houses,  statistical  analyses  were  made  using 
the  Monte  Carlo  method  discussed  in  Section  IV. 

With  the  present  computer  program,  the  incipient  collapse  over¬ 
pressure  may  be  determined  only  for  the  front  wall  without  repeated  cut- 
and-trial  program  runs.  Therefore,  the  statistical  analysis  was  restricted 
to  the  upper  story  panels  of  the  froru  wall  of  each  of  the  two  types  of 
houses.  It  wac  believed  that  this  restriction  was  not  too  important,  how¬ 
ever,  since  the  results  from  the  previous  deterministic,  analyses  indicated 
that  this  panel  was  the  weakest,  or  at  least  close  to  the  weakest,  wall 
element . 

For  the  statistical  analysis,  the  modulus  of  rupture  and  the 
clearing  distance  were  treated  probabilistically.  Since  previous  sensi¬ 
tivity  studies  (Ref.  1)  indicated  that  the  incipient  collapse  overpressure 
for  reinforced  masonry  walls  without  arching  is  relatively  insensitive  to 
the  modulus  of  elasticity,  this  parameter  was  not  varied  in  the  statisti¬ 
cal  analysis.  The  values  of  the  other  parameters  required  in  the  analysis 
were  the  same  as  used  in  the  deterministic  analysis. 

The  normal  distribution  may  be  described  completely  by  specify¬ 
ing  the  mean  and  standard  deviation.  For  the  modulus  of  rupture,  the  mean 
value  was  assumed  to  be  equal  to  the  ''typical’'  value  of  100  psi  used  in 
the  previous  analyses.  Next,  30  and  170  psi  were  selected  as  having  a  5 
and  95  percent  probability  of  occurrence,  respectively  (values  that  will 
exceed  5  and  95  percent  of  the  occurrences);  this  resulted  in  a  standard 
deviation  of  42.5  psi.  These  values  were  used  fe;  both  of  the  brick 
houses. 
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The  mean  value  for  the  clearing  distance  was  taken  to  be  the 
average  values  used  for  the  panels  in  the  deterministic  analyses.  The 
weighted  average  clearing  distance,*  previously  considered  to  be  a  mini¬ 
mum,  was  selected  as  having  a  5  percent  probability  of  occurrence.  The 
maximum  clearing  distance,*  previously  assumed  to  be  equal  to  the  great¬ 
est  distance  fi-om  any  point  on  the  panel  to  the  nearest  edge  of  the  build¬ 
ing  where  clearing  could  occur,  was  selected  as  having  a  95  percent  prob¬ 
ability  of  occurrence.  This  procedure  resulted  in  a  mean  clearing 
distance  of  7.1  ft  and  a  standard  deviation  of  2.63  ft  for  the  houses 
tested  during  Operation  GREENHOUSE  and  a  mean  clearing  distance  of  5.8  ft 
and  a  standard  deviation  of  1.62  ft  for  the  houses  tested  during  Operation 
TEAPOT. 


The  results  obtained  from  the  statistical  analyses  using  the  above 
values  arc  summarized  as  follows: 


Brick  House  (GREENHOUSE) 

6.36  psi 
0.36  psi 
5.90  psi 
6.82  psi 


Brick  House  (TEAPOT) 

2.50  psi 
0.18  psi 
2.27  psi 
2.73  psi 


Mean 

Standard  Deviation 
10%  Probability  Value 
90%  Probability  Value 


Mean 

Standard  Deviation 
10%  Probability  Value 
90%  Probability  Value 


The  10  and  90  percent  probability  values  indicate  overpressures  for  which 
collapse  will  occur  10  and  90  percent  of  the  time,  respectively.  The  mean 
value  may  be  taken  as  the  overpressure  at,  or  below  which,  collapse  will 
occur  half  of  the  time. 

The  above  values  are  in  fairly  good  agreement  with  the  test  re¬ 
sults,  where  the  upper  left  front  wall  of  the  house  in  Operation  GREEN¬ 
HOUSE  failed  at  8.7  psi  and  the  exterior  wall  of  the  house  in  Operation 


*  For  the  Operation  GREENHOUSE  houses  S/ 
and  for  the  Operation  TEAPOT  houses  S/ 


2.8  ft  and  S  =  11.4  ft, 
3.3  ft  and  S  =  8.3  ft. 
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TEAPOT  experienced  no  apparent  damage  at  1.7  psi  and  complete  collapse 
at  5.1  psi.  It  is  not  surprising  that  the  mean  values  of  6.36  and  2.5  psi 
obtained  for  the  incipient  collapse  overpressure  by  the  statistical  pro¬ 
cedure  are  approximately  the  same  as  the  values  of  6.2  and  2.4  psi  ob¬ 
tained  from  the  deterministic  analysis  when  the  mean  values  for  the  modu¬ 
lus  of  rupture  and  clearing  distance  are  used.  However,  the  statistical 
results  provide  further  information  by  indicating  that  collapse  may  be 
expected  to  occur  approximately  10  percent  of  the  time  at  overpressures 
of  5.90  and  2.27  psi  for  the  GREENHOUSE  and  TEAPOT  houses,  respectively. 
Similarly,  collapse  may  be  expected  to  occur  approximately  90  percent  of 
the  time  at  overpressures  of  6.82  and  2.73  psi,  respectively. 


VII  SUMMARY  AND  RECOMMENDATIONS 


a 


Sununary 

During  this  phase  of  the  effort  to  develop  a  procedure  for  the 
evaluation  of  existing  structures,  computer  programs  were  completed 
for  predicting  the  collapse  of  two-way  structural  action  walls  of  the 
three  basic  types  considered  in  Ref.  1,  i.e.,  unreinforced  concrete 
or  masonry  unit  walls  with  arching,  unreinforced  concrete  or  masonry 
unit  walls  without  arching,  and  reinforced  concrete  walls.  This  requii*ed 
the  formulation  of  the  resistance  function  for  two-way  walls  and  the 
development  of  procedures  for  determining  both  the  resistance  and  net 
load-time  functions  for  walls  with  window  openings.  In  addition,  the 
evaluation  procedure  was  extended  to  include  a  probability  distribution 
to  handle  various  "unknown"  wall  and  load  parameters. 

At  the  present  time,  there  are  insufficient  experimental  data  avail¬ 
able  from  controlled  tests  to  provide  the  definitive  information  needed  to 
check,  verify,  oij  modify  the  various  mathematical  walx  response  models 
developed  in  this  study.  Therefore,  the  approach  adopted  was  first  to 
use  the  limited  laboratory  data  to  check  deterministically  the  predicted 
wall  response-time  history  and  then  to  use  the  nuclear  field  test  data 
to  check  the  predicted  probability  of  occurrence  of  the  incipient 
collapse  overpressure. 

As  noted  in  Section  VI  of  this  report,  it  was  possible  to  correlate 
the  theoretical  predictions  with  laboratory  tests  of  one  unreinforced 
brick  wall  without  arching  and  with  nuclear  field  tests  of  eight  types 
of  unreinforced  brick  or  concrete  masonry  wall  panels  with  arching  and 
two  types  of  brick  houses  with  unreinforced  load-bearing  brick  exterior 
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walls.  Although  the  experimental  information  was  insufficient  for  a 
correlation  to  be  made  for  all  of  the  types  of  walls  and  support  condi¬ 
tions  of  interest,  the  wall  response  models  generally  provided  an  adequate 
prediction  of  the  experimental  behavior.  However,  in  the  case  where  the 
correlation  was  poor,  the  experimental  information  was  inadequate  for 
establishing  the  relative  importance  of  the  parameters  related  to  the 
response  and  collapse  of  walls  under  dynamic  loading. 


Kecommendations 


This  investigation  has  emphasized  the  need  for  a  balanced  analytical 
and  experimental  program  to  develop  an  evaluation  procedure  for  existing 
structures  that  meets  the  requirements  of  OCD.  From  the  standpoint  of 
predicting  the  collapse  of  exterior  walls,  it  is  recommended  that  the 
following  research  be  conducted  in  the  next  phase  of  the  effort : 

•  A  sensitivity  analysis  should  be  conducted  to  investigate 
the  effect  on  the  incipient  collapse  overpressure  of 
varying  the  probability  distribution  of  the  important  load 
and  wall  parameters.  In  this  study,  sensitivity  analyses 
have  been  used  to  assist  in  identifying  the  wall  and  load 
parameters  that  have  an  important  influence  on  the  inc'-pient 
collapse  overpressure  of  specific  walls.  In  addition,  since 
the  evaluation  of  actual  structures  includes  physical  param¬ 
eters  that  cannot  readily  be  measured  or  determined  precisely, 
the  analytical  procedure  was  modified  to  include  a  probability 
distribution  for  the  important  parameters  rather  than  a  single 
value.  This,  of  coarse,  lessens  the  requirement  for  precise¬ 
ness  in  sane  or  all  of  the  parameters.  However,  some  param¬ 
eters  may  have  such  a  large  effect  on  the  predicted  collapse 
of  a  specific  wall  that  their  degree  of  uncertainty  may  mash 
the  uncertainty  in  any  or  all  of  the  otI:er  unknown  parameters. 

A  sensitivity  study  will  indicate  the  parameters  that  must  be 
determined  accurately  and  also  will  provide  guidance  in 
selecting  the  more  important  areas  for  experimental  research. 
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A  literature  search  should  be  conducted  to  gather  basic 
information  on  material  properties  for  use  in  this  project. 
The  analyses  of  wall  elements  in  this  study  emphasized  the 
need  for  readily  available  statistical  data  on  the  material 
properties  of  exterior  walls,  and  information  should  be 
obtained  for  all  materials  needed  in  the  evaluation  of 
existing  structures. 

Static  and  dynamic  tests  of  typical  exterior  walls  should 
be  conducted  to  permit  an  examination  of  the  validity  of 
the  mathematical  models  presented  in  this  report  or  to 
establish  the  basis  for  additional  or  substitute  procedures. 
As  noted  in  Section  III,  the  establishment  of  the  resistance 
functions  for  two-way  action  walls  with  windows  required 
that  various  assumptions  be  made  in  addition  to  those  out¬ 
lined  in  Ref.  1.  To  support  the  analytical  work,  the 
specific  areas  for  which  experimental  information  is 
needed  include  the  resistance  function  for  various  types 
of  walls  and  support  conditions;  the  effect  of  two-way 
action  for  walls  with  and  without  windows;  the  effect  of 
shear  and  connections  on  wall  failure;  the  reaction  of 
walls  throughout  their  response  history,  including 
collapse;  and  the  effect  of  vertical  in-plane  forces  on 
the  resistance  of  wall  elements.  The  emphasis  in  any  test 
program  should  be  to  establish  the  primary  collapse  mecha¬ 
nism  of  two-way  action  walls  with  and  without  windows  and 
to  determine  the  effect  of  variation  of  the  important 
parameters  on  the  incipient  collapse  overpressure  of  walls. 

Air  blast  interaction  studies  should  be  continued  to 
establish  more  definitive  blast  load  prediction  techniques 
than  are  now  available.  In  Section  II,  a  method  is  presented 
for  calculating  the  net  load-time  function  resulting  from 
the  interaction  of  an  air  blast  wave  with  a  structure  with 
openings.  The  method  evolved  from  the  available  schemes 
for  determining  the  blast  loading  on  the  exterior  surface 
of  a  building  with  openings  and  the  interior  pressure 
build-up  caused  by  a  blast  wave  entering  a  room.  However, 
since  the  net  lead-time  function  is  an  important  factor 
in  predicting  the  collapse  of  walls  in  actual  buildings, 
better  information  is  needed  to  develop  a  more  accurate 
procedure  than  used  in  this  study.  Although  a  number  of 
parameters  influence  the  blast  wave  interaction  process, 
the  primary  areas  where  information  is  needed  for  deter¬ 
mining  the  collapse  of  exterior  walls  are  the  clearing 


time  of  the  reflected  overpressure  on  the  front  face  of 
any  wall  in  a  building  with  openings,  the  effect  of  window 
openings  on  the  back-face  loading  of  an  exterior  wall, 
and  the  adequacy  of  using  the  average  room  pressure 
calculated  from  the  room-filling  procedure  as  the  loading 
on  the  interior  surface  of  exterior  walls  located  on  any 
side  of  a  building. 
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Append  i::  A 

TRANSFORMATION  FACTORS 
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TRAN S FORMAT I  ON  FACTORS 

Introduction 

Because  of  the  complex  behavior  of  two-way  action  walls,  it  was 
convenient  to  reduce  the  real  system  to  an  equivalent  single-degree-of- 
freedom  system.  This  was  done  through  the  use  of  transformation  ficiors 
that,  when  multiplied  by  the  total  load,  mass,  and  resistance  oi  the 
real  structure,  gave  the  corresponding  parameters  for  the  equivalent 
single-degree-of-freedom  system.  For  one-way  action  walls  treated  in 
Ref.  1,  the  transformation  factors  from  Ref.  25  for  be;.ms  and  one-way 
slabs  were  used  directly.  However,  because  of  the  difference  in  the 
method  of  calculating  3,*  the  transformation  factors  for  two-way  slabs 
from  Ref.  25  could  not  be  used  for  two-way  action  walls,  and  it  was 
therefore  necessary  to  develop  these  factors. 

The  transformation  factors  were  developed  on  the  basis  of  an 
assumed  deflection  shape  for  the  real  structure.  For  the  two-way 
action  wall  the  deflected  shape  along  a  vertical  or  horizontal  strip 
was  assumed  to  be  the  same  as  that  of  a  beam  with  the  same  load  dis¬ 
tribution  and  the  same  support  conditions.  The  deflection  of  tne 
equivalent  system  was  taken  to  be  the  same  as  that  of  the  center  of 
the  wall.  Since  the  time  .scale  was  not  altered,  the  deflection-time 
response  of  the  equivalent  system  was  the  same  as  that  for  the  center 
of  the  actual  wall. 

*  The  coefficient  13  is  used  to  indicate  the  position  of  the  crack,  or 
yield  lines,  as  shown  in  Figures  12  and  20  of  Section  III. 
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From  these  assumptions,  the  mass  factor  can  be  determined  by 


cijUatiug  the  kinetic  energies  Ox  the  real  and  equivalent  av.siflms,  the 
load  factor  by  equating  the  work,  and  the  resistance  factor  by  equating 
the  strain  energy.  Comparison  of  the  resistance  and  load  factors  show 
that  these  two  factors  are  the  same,  therefore  only  the  load  and  mass 
factors  are  derived  in  the  following  subsections.  The  transformation 
factors  are  the  same  for  the  three  types  of  walls  considered  in  thi s 
study.  However,  because  of  variations  in  the  assumed  deflection  shapes, 
they  are  different  for  the  various  support  conditions  and  resistance 
phases  considered.  Also,  for  reinforced  concrete  walls,  the  transforma- 
tion  factors  will  be  different  for  the  two  collapse  modes  considered  ir» 
Section  III  (Figure  20 }.  For  the  sake  of  clarity,  only  collapse  mode 
"a”  will  be  considered  in  this  appendix,  while  collapse  mode  "b"  will 
be  discussed  in  Appendix  B. 


Mass  Factor 

The  mass  factor  for  the  two-way  action  wall  can  be  determined  by 
dividing  the  total  kinetic  energy  of  the  actual  wall  by  the  kinetic 
energy  of  the  equivalent  system.  The  two-way  wall  is  assumed  to  be 
divided  into  four  segments  by  the  crack,  or  yield,  lines,  as  shown  in 
Figure  A-l.  The  Kinetic  energy  for  each  of  these  segments  is  given  by 

[l'£)  -  J  “  my2dA  (A-l) 

where  m  is  the  mass  per  unit  area  and  y  is  the  velocity  along  the  element. 
The  integration  is  carried  out  over  the  area  of  the  segment.  The  total 
kinetic  energy  of  the  wall  is  equal  to  the  sum  of  the  kinetic  energies 
of  the  individual  segments.  Since  segment  B  is  the  same  as  segment  A 
and  D  is  the  same  as  C,  the  total  kinetic  energy  of  the  actual  wall  is 
given  by 
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n>e  kinetic  energy  of  the  equivalent  system  is  given  by 
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where 
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Dividing  Eq.  A-2  by  Eq.  A-3,  the  mass  factor  is  given  by 
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It  can  be  shown  that 
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Therefore,  since  by  definition  y,  =  yc,  the  following  relationship 
is  obtained: 
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which,  when  substituted  into  Eq.  A-5,  yields 


2  ( 

Kt.  =  ,  ,  | 

[f 

|  + 

r  j 

Lyl«  | 

LJ  w  j 

A 

J  hJ  j 

where  the  quantity  y/ye  depends  on  the  support  conditions  and  resistance 
phase  of  the  wall.  The  mass  factor  is  evaluated  for  each  of  the  four 
support  conditions  considered  in  Section  III  as  follows. 

Support  Case  1 

During  the  elastic  phase,  the  deflection  along  a  ’-ertical  strip 
of  segments  A-B  is  assumed  to  be  the  same  as  that  of  a  sinply  supported 
beam  of  length  Ly  with  a  uniformly  distributed  lateral  load,  cr 

y  =  (l®  -  2Lvz2  +  z3)yc  .  (A-9) 
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Similarly,  the  elastic  deflection  along  a  horizontal  strip  of  segments  C-D 
is 
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Substituting  these  values  into  Eq.  A-8  and  integrating  gives  the 
following  expression  for  the  mass  factor  during  the  elastic  phase  of 
unreinforced  walls  without  arching  and  reinforced  concrete  walls: 
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/,.fter  cracking  of  the  wall  it*  the  elastic  phase,  the  motion  of 
the  wall  is  assumed  to  be  a  rigid  body  rotation  of  the  segments  about 
their  supports.  Thus,  for  segment  A  tho  deflection  along  a  vertical 
strip  is 
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Similarly,  for  segment  C  the  deflection  along  a  horizontal  strip  is 
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Substituting  these  values  into  Eq.  A-8  and  integrating  gives  the 
following  expression  for  the  mass  factor  for  unreinforced  walls  with 
arching  and  for  the  decaying  phase  of  unreinforced  walls  without 
arching  and  the  plastic  phase  of  reinforced  concrete  walls: 
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Support  Case  2 

During  the  elastic  phase,  the  deflection  along  a  vertical  strip  of 
segments  A-B  is  initially  assumed  to  be  the  same  as  that  for  a  fixed- 
edge  beam  of  length  Ly  with  a  uniformly  distributed  lateral  load,  or 
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Similarly  the  elastic  deflection  along  a  horizontal  strip  of  segments  C-D 
is 
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Substituting  these  values  into  Eq.  A-a  and  integrating  gives  the 
following  expression  for  the  mass  factor  during  the  initial  portion  of 
the  elastic  phase  of  unreinforced  walls  without  arching  ami  the  elastic, 
uncracked  phase  and  elastic,  cracked  phase  of  reinforced  concrete  walls: 


=  512  g' 
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+  0.4065  -  0.6144B 


(A-17) 


After  cracking  (or  yielding  of  the  steel  in«a  reinforced  concrete 
wall)  occurs  along  the  edges,  the  wall  is  assumed  to  deflect  as  if  it 
were  simply  supported  on  four  edges.  The  mass  factor  during  the  secondary 
portion  of  the  elastic  phase  of  unreinforced  walls  without  arching  and 
the  elasto-plastic  phase  of  reinforced  concrete  walls  are  thus  given  by 
E q.  A-ll.  During  the  decaying  phase  of  unreinforced  walls  without  arch¬ 
ing  and  the  plastic  phase  of  reinforced  concrete  walls,  the  mass  factor 
is  given  by  Eq.  A-14. 


Support  Case  3 

During  the  elastic  phase,  the  deflection  along  a  vertical  strip  of 
segments  A-B  is  given  by  Eq.  A-9  and  along  a  horizontal  strip  of  segments 
C~D  by  Eq.  A~16.  Substituting  these  values  into  Eq.  A-8  and  integrating 
results  in  the  following  expression  for  the  mass  factor  during  the  initial 
portion  of  the  elastic  phase  of  unreinforced  walls  without  arching  and 
the  elastic,  uncracked  phase  and  elastic,  cracked  phase  of  reinforced 
concrete  walls: 


Km 


,i2R3  m  .  JL.  .  .  £  +  £\ 
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+  0.5033  -  0.7066? 


(A-18) 
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After  cracking  (or  yielding  of  the  Steel  1  n  n  reinforced  concrete 
wall)  occurs  along  the  fixed  edges,  the  wall  is  again  assumed  to  deflect 
as  if  it  were  si.nply  supported  on  four  edges,  with  the  mass  factor  for 
the  secondary  portion  of  the  elastic  phase  of  unreinforced  walls  without 
arching  and  the  elasto-plastic  phase  of  reinforced  concrete  walls  cor¬ 
responding  to  that  given  by  Eq.  A-ll.  During  the  decaying  phase  of 
unreinforced  walls  without  arching  and  the  plastic  phase  of  reinforced 
concrete  walls,  the  mass  factor  is  again  given  by  Eq.  A-14. 


Support  Case  4 

During  the  elastic  phase,  the  deflection  along  a  vertical  strip  of 
segments  A-B  is  given  by  Eq.  A-15  and  along  a  horizontal  strip  of  segments 
C.-D  by  Eq.  A~10.  Substituting  these  values  into  Eq.  A~3  and  integrating 
results  in  the  following  expression  for  the  mass  factor  during  the 
initial  portion  of  the  elastic  phase  of  unreinforced  walls  without 
arching  and  the  elastic,  uncracked  phase  and  elastic,  cracked  phase  of 
reinforced  concrete  walls: 


+  0.4065  -  0.6144P 


(A-19) 


After  cracking  (or  yielding  of  the  steel  in  a  reinforced  concrete 
wall)  occurs  along  the  fixed  edges,  the  wall  is  again  assumed  tc  deflec' 
as  is  it  were  simply  supported,  with  the  resulting  mass  factor  for  the 
secondary  portion  of  the  elastic  phase  of  unreinforced  walls  without 
arching  ana  the  elasto-plastic  phase  of  reinforced  concrete  walls  being 
given  by  Eq.  A-ll.  During  the  decaying  phase  of  unreinforced  walls 
without  «rchtng  and  the  plastic  phase  of  reinforced  concrete  walls, 
the  mass  factor  is  again  given  by  Eq.  A-14. 


Load  Factor 


The  load  factor  for  two-way  walls  can  be  determined  by  dividing  the 
total  work  done  by  the  load  on  the  actual  wall  by  the  work  done  by  the 
load  on  the  equivalent  system.  The  work  done  on  each  of  the  segments 
shown  in  Figure  A-l  is  given  by 


=  J  qydA 


( A“20 ) 


where  the  integration  is  carried  out  over  the  area  of  the  segment.  The 
total  work  done  on  the  wall  is  equal  to  the  sum  of  the  work  done  on  the 
individual  segments *  Because  of  symmetry  of  the  segments,  the  total 
work  done  is  therefore  given  by 


WT  s  2[  J  qydA  1*  +  2[  J  qydA]c  . 


(A-21) 


The  work  done  on  the  equivalent  system  is  given  by 


We  =  PTye 


(A-22 ) 


where 


PT  —  qLy  1^ 


(A-23) 


and  by  definition  ye  =.  yc. 


Dividing  Eq.  A-21  by  Eq.  A-22,  the  load  factor  is  given  by 


.  jrr^dAl  s-  r  rJ-d*l 
LyL”  (l  y'  L  L,,y'  J, 


(A-24) 


where  the  quantity  y/yc  again  depends  or.  the  support  conditions  and 
resistance  phase  of  the  wall.  The  load  factor  is  evaluated  for  each  of 
the  four  support  conditions  considered  in  this  study  as  follows. 


Support  Case  1 

During  the  elastic  phase,  the  deflection  along  a  vertical  strip  of 
segments  A-B  is  given  by  Eq.  A-9  and  along  a  horizontal  strip  of  segments 
C-D  by  Eq.  A-10.  Substituting  these  values  into  Eq.  A-24  and  integrating 
results  in  the  following  expression  for  the  load  factor  during  the  elastic 
phase  of  unroinforced  walls  without  arching  and  reinforced  concrete  walls : 

Kl  =  6.4p‘  (g  "  +  w  )  +  0-6400  -  0.81340  .  (A-2S) 


After  cracking  of  the  wall  in  the  elastic  phase,  the  motion  of  the 
wall  is  again  assumed  to  be  a  rigid  body  legation  of  the  segments  about 
their  supports.  Thus,  for  segments  A~B  the  deflection  along  a  vertical 
strip  is  given  by  Eq.  A-12  and  for  segments  C“D  the  deflection  along  a 
horizontal  strip  is  given  by  Eq.  A-13.  Substituting  these  values  into 
Eq.  A~24  and  integrating  gives  the  following  expression  for  the  load 
factor  for  unreinforced  walls  with  arching  and  during  the  decaying  phase 
of  unreinforced  walls  without  arching  and  the  plastic  phase  of  reinforced 
concrete  walls : 


K«. 


(A-26) 


Support  Case  2 

During  the  elastic  phase,  the  deflection  along  a  vertical  strip  of 
segments  A-B  is  given  by  Eq.  A-15,  and  along  a  horizontal  strip  of  segments 
C~D  by  Eq.  A~16.  Substituting  these  values  into  Eq.  A-24  and  integrating 
gives  the  following  expression  for  the  load  factor  during  the  initial 
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portion  of  the  elastic  phase  of  unreinforced  walls  without  arching  and 
the  elastic,  uncracked  phase  and  elastic,  cracked  phase  of  reinforced 
concrete  walls: 


K,  =  323*  /— - ^  +4:)  +  0.5344  -  0.73283  .  (A“27) 
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After  cracking  (or  yielding  for  a  reinforced  concrete  wall)  occurs 
along  the  edges,  the  wall  is  assumed  to  deflect  as  a  simply  supported 
wall  and  the  load  factor  for  the  secondary  portion  of  the  elastic  phase 
of  unreinforced  walls  without  arching  and  the  elasto-plastic  phase  of 
reinforced  concrete  walls  is  given  by  Eq.  A-25.  The  load  factor  during 
the  decaying  phase  of  unreinforced  walls  without  arching  and  the  plastic 
phase  of  reinforced  concrete  walls  is  given  by  Eq.  A -26. 


jort  Case  3 


During  the  elastic  phase,  the  deflection  along  a  vertical  strip  of 
segments  A-B  is  given  by  Eq.  A~9  and  along  a  horizontal  strip  of  segments 
C~D  by  Eq.  A- 16.  Substituting  these  values  into  Eq.  A-24  and  integrating 
gives  the  following  expression  for  the  load  factor  during  the  initial 
portion  of  the  elastic  phase  of  unreinforced  walls  without  arching  and 
the  elastic,  uncracked  phase  and  elastic,  cracked  phase  of  reinforced 
concrete  walls: 


Kl 


32  f 


+S)  +  0'6400  -°-8134? 


(A-28) 


After  cracking  (or  yielding  for  a  reinforced  concrete  wall)  occurs 
along  the  fixed  edges,  the  wall  is  again  assumed  to  deflect  as  a  wall 
simply  supported  on  four  edges,  with  the  load  factor  during  the  secondary 
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portion  of  the  clastic  phase  of  unroinforoed  walls  without  arching  and 


the  elasto-plastic  phase  of  reinforced  concrete  walls  given  by  Eq.  A-25. 
The  load  factor  during  the  decaying  phase  of  unreinforced  walls  without 
arching  and  the  plastic  phase  of  reinforced  concrete  walls  is  again  given 
by  Eq.  A-26. 


Support  Case  4 

During  the  elastic  phase, the  deflection  along  a  vertical  strip  of 
segments  A-B  is  given  by  Eq.  A-15  and  along  a  horizontal  strip  of 
segments  C“D  by  Eq.  A-10.  Substituting  these  values  into  Eq.  A-24  and 
integrating  gives  the  following  expression  for  the  load  factor  for  the 
initial  portion  of  the  elastic  phase  of  unreinforced  walls  without 
arching  and  the  elastic,  uncracked  phase  and  elastic,  cracked  phase  of 
reinforced  concrete  walls: 


K,  =  6.4gs 


\  6  10  30/ 


+  0.5344  -  0. 7328 P 


(A-29) 


After  cracking  (or  yielding  for  a  reinforced  concrete  wall)  occurs 
along  the  fixed  edges,  the  wall  is  again  assumed  to  deflect  as  if  it 
we  *e  simply  supported  on  four  edges,  with  the  resulting  load  factor  for 
the  secondary  portion  of  the  elastic  phase  of  unreinforced  walls  without 
arching  and  the  elasto-plastic  phase  of  reinforced  concrete  walls  given 
by  Eq.  A-25.  The  load  factor  during  the  decaying  phase  of  unreinforeed 
walls  without  arching  and  the  plastic  phase  of  reinforced  concrete  walls 
is  given  by  Eq.  A-26. 
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Load-Mass  Factor 

For  use  in  the  numerical  integration  of  the  equation  of  motion  for 
the  single-degree-of-freedom  system,  the  load  and  mass  factors  can  be 
combined  into  a  single  factor,  the  load -mass  factor,  KlM,  where 


K.„  =  r-  .  (A-30) 

Ki 

As  previously  noted,  the  factors  for  the  various  support  conditions  and 
the  resistance  phases  are  different,  varying  discon tinuously  as  the 
deflection  increases.  In  the  numerical  integration  analysis,  the 
different  load-mass  factors  are  used  for  the  appropriate  support  condi¬ 
tions  and  resistance  phases. 

The  values  of  the  load  and  mass  factors  for  each  of  the  four  support 
cases  are  summarized  in  Tables  A-l  and  A~2  for  unreinforced  concrete  or 
masonry  unit  walls  and  reinforced  concrete  walls. 
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TIUK Sr  OHMAT I ON  FACTORS  ruR  TWO-WAY  UNREINFORCED  CONCRETE 
OR  MASONRY  UNIT  WAIXS 


Phase 

Support 

Case 

Transformation  Factors 

Elastic- 

Initial 

1 

K-  .  20..,8f=(i  -£*£♦£-£♦»)♦  »•*>“  -  «.«> 

-  / 1  ?3  p3  \ 

K,  =  6.4P*(-  -  —  +“|  t  0.6400  -  0.8134? 

\ o  10  aO ; 

2 

K‘-  -  5i2-opb(is  -  it;  -  ~k  •  5  *  m  !  * 

K,  =  32. 06S(- - 7  +  ~ )  +  0.6344  -  0.7328? 

L  \ 12  10  30 / 

3 

,  /  1  g  3  ?2  P3  p4  \ 

K«  =  512. OP3  —  _  "t  ~~  -“•+—)+  0.5038  -  0,7u6SP 

\30  10.5  28  18  90/ 

XL  =  32 . 0 g3 +  0.6400  -  0.8134? 

4 

K'-  =  20’486s(i  "  h  *  n  L  £  ’  i  +  m)  +  °-4065  “  °*6144p 

K,  =  6 . 4 ?2 ^  +  0.5344  •  0.7328? 

Elastic- 

Secondary 

1 

No  elastic  -  secondary  phase 

1 

K,  =  20.48f>(i  -  £  *  £  ♦  £  ‘  £  ♦  £)  *  -  “■TO«f 

Kl  =  6.4?2(^  -  ^  +  0-6400  -  0.8134? 

Decaying 

.  (l,  r .?) 

Kv  ~  3 

1  In 

K,  =  ~  -  T  P 

2  3 

Note:  Transformation  factors  for  unreinforced  walls  with  arching  correspond  to 


those  given  above  for  decaying  phase. 
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Table  A-2 

TRANSFORMATION  FACTORS  FOR  TWO-WAY  REINFORCED  CONCRETE  WALLS 
(Collapse  Mode  "a") 


A-17 


i 


l 


i 


Appendix  B 


COLLAPSE  MODE  "b”  FOR  REINFORCED  CONCRETE  WALLS 

Introduction 

In  Section  III,  the  ultimate  resistance  of  a  reinforced  concrete 
wall  was  determined  by  yield-line  analysis.  The  yield  lines  were  assumed 
to  form  in  one  of  the  two  patterns  shown  in  Figure  20.  In  most  cases  of 
interest,  the  yield  lines  will  form  in  a  pattern  similar  to  that  shown 
as  collapse  mode  "a."  Equations  for  the  ultimate  resistance  and  the 
coefficient  p,  which  defines  the  location  of  the  yield  lines,  were  pre¬ 
sented.  In  some  situations,  however,  the  yield  lines  will  form  in  the 
pattern  shown  as  collapse  mode  '  b'  ,  for  which  the  equations  for  the 
ultimate  resistance  derived  in  this  appendix  are  provided.  Similarly, 
the  equations  for  the  dynamic  reactions  and  transformation  factors 
corresponding  to  collapse  mode  "b"  replace  those  in  Section  V  and 
Appendix  A,  respectively,  which  were  for  collapse  mode  "a.M 

Ultimate  Resistance 

The  general  case  for  collapse  mode  "b”  is  shown  in  Figure  B-l.  To 
determine  the  ultimate  resistance  the  work-energy  method,  as  described 
in  Ref.  17,  was  used. 

The  work  done  by  the  resisting  moment  acting  on  segment  A  is 

=  MUjLh9*  +  MU3Lm0a  (B-l) 
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NOTATION: 


■  ■  Positive  Yield  Line 
- Negative  Yield  Line 


FIGURE  B-1  COLLAPSE  MODE  "b"  FOR  REINFORCED  CONCRETE  WALL 


a 


where  for  smaii  deflections, 


(b-2  ) 


Similarly,  the  work  done  on  segment  C  is 


wc  “  Mu2Lvec  + 


(  B-3 ) 


where  for  small  deflections, 


9c  =  zpi  ' 


(B-4 ) 


The  total  work  done  on  the  wall  is  equal  to  the  sum  of  the  work 
done  on  the  individual  segments.  Since  segment  B  is  identical  to 
segment  A,  and  D  identical  to  C,  the  total  work  done  is  given  by 

WT  =  2y0  —  (Mul  +  M„3)  +  (Mu2  +  Mu4)  1  .  (B-5) 

L  (5^  lm  J 


The  energy  input  for  a  uniform  load  q  on  the  various  wall  segments 


in  Figure  B-l  is 


Ea  —  Eg 


(B-6) 


Ec  =  E„  =  ,(L,  -  2M(£-)(t-)  +  <*-») 


=  TjT  qLvLMyR(3  -  4|3) 


\v 


z  ww ” r tr^r^- »>k'» wv*'»'2r'*:*  s-*- -  ■nv'cc* 


The  total  euorsv  input  of  the  load  is  equal  to  the  sum  of  the  energy 
inputs  to  the  various  segments,  or 


Kt  -  -  qI.,IMyc(3  -  2d) 


0-8) 


Since  the  total  work  done  equals  the  total  energy  Input : 


IV,  =  E, 


which,  by  substituting  Eqs.  B-5  and  B-8  into  the  above  equation  and 
solving  for  the  wall  resistance,  yields 


q  = 


3M 


a. 


l?y  3(3  -  2d) 


[•;  •  ■*<(&)(&)'] 


(b-io) 


wh  »re 


'  :  =  2  J  l  +  mU3  7mu1 


(b-11) 


Ya  =  2  J 1  +  Hb.  A 


U4/  mu2 


(B-12) 


The  critical  value  for  collapse  mode  b  can  be  found  by  differenti¬ 
ating  the  above  equation  with  respect  to  3  and  setting  the  result  equal 
to  zero,  obtaining 


dq 

dp 


12M  u2  >2 


L232(3  -  23)S 


■(SMI-i)]  ■ 


(B-13) 
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Solving  this  equation  for  3  yields 


a 


For  the  assumption  of  collapse  mode  "b”  to  be  valid,  the  value  of  3 
given  by  Eq.  B-14  must  be  less  than,  or  equal  to,  0.5. 


Dynamic  Reactions 

The  dynamic  reaction  equations  for  collapse  mode  "b”  can  be  obtained 
from  those  previously  developed  in  Section  V  by  noting  that  for  collapse 
mode  "b",  the  segments  adjacent  to  the  horizontal  edges  are  triangular, 
while  the  segments  adjacent  to  the  vertical  edges  are  trapezoidal,  ex¬ 
actly  opposite  that  for  collapse  mode  "a."  Since  the  portion  of  the 
total  load  acting  on  each  of  the  segments  and  similarly  the  portion  of 
the  total  resistance  provided  by  each  of  the  segments  is  assumed  to  be 
proportional  to  its  area,  the  equations  for  the  dynamic  reactions  along 
the  horizontal  and  vertical  edges  can  be  obtained  for  collapse  mode  '  b’ 
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by  interchanging  the  factors  (i  -  p)/2  and  p/2  in  Eqs.  135  and  136,  thus 
obtaining 


V., 


Vy 


(1  -  P) 

2 


(B-16) 


(B-17 ) 


Since  the  deflected  shape  of  the  wall  is  assumed  to  remain  the  same, 
the  values  of  x/,  z' ,  x,  and  z  can  also  be  obtained  from  the  expressions 
previously  developed  in  Section  V.  Changing  the  limits  of  integration 
to  conform  to  the  are-".;.  of  the  segments  formed  in  collapse  mode  "b,"  the 
expressions  given  in  Table  B-l  were  obtained. 


Transformation  Factors 

Since  the  deflected  shape  of  the  wall  is  assumed  to  be  the  same  for 
both  collapse  modes,  the  load  and  mass  factors  for  collapse  mode  "b"  can 
be  obtained  from  the  corresponding  equations  developed  for  collapse 
mode  "a"  in  Appendix  A  by  merely  changing  the  limits  of  integration  to 
conform  to  the  areas  of  the  segments  formed  in  collapse  mode  "b" .  The 
resulting  expressions  are  found  to  be  the  same  as  given  in  Table  A-l, 
with  the  exception  that  the  transformation  factors  during  the  elastic 
phase  ior  Support  Cases  3  and  4  must  be  interchanged. 
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(or./M  +  ox/4  -  z I/T)  = 


Appendix  C 


STATISTICAL  STUDY  OF  MASONRY  WALLS  WITH  ARCHING 

References  18  and  19  present  the  results  of  the  test  of  a  number  of 
unreinforced  masonry  unit  walls  exposed  to  a  nuclear  blast.  To  analyze 
the  behavior  of  these  walls  in  a  more  rational  manner  than  by  merely 
assuming  the  properties  of  the  wall  and  loading  are  known  with  certainty 
the  statistical  methods  developed  in  Section  IV  were  applied.  To  demon¬ 
strate  the  method  for  calculating  the  probability  of  occurrence  of  the 
incipient  collapse  overpressure,  the  details  of  the  analysis  are  given 
for  an  8- in.  thick  brick  wall  reported  in  Ref.  18. 

Three  walls  of  the  same  type  were  tested  at  overpressure  levels  of 
4.2,  7.1,  and  12  psi.  The  wall  located  at  the  4.2  psi  level  was  almost 
free  of  damage,  the  wall  at  7.1  psi  had  slight  damage  although  it  re¬ 
mained  in  place,  and  the  wall  at  12  psi  was  blown  out  with  only  fringes 
of  the  brick  remaining.  The  dimensions  of  the  test  walls  were  as  follovs: 

tv  =  8  in. 

=  105  in. 

Iv,  =  165  in. 

The  procedure  developed  in  Section  III  for  two-way  action  of  unrein¬ 
forced  walls  with  arching  was  used  to  determine  the  incipient  collapse 
overpressure.  In  determining  the  values  to  use  for  the  physical  proper¬ 
ties  of  the  wall,  it  was  assumed  that  the  compressive  strength,  f; ,  and 
the  modulus  of  elasticity,  Eg  ,  were  normally  distributed.  The  mean  value 
for  f/  was  taken  as  2000  psi,  and  the  standard  deviation  as  600  psi. 

These  values  were  obtained  by  first  assuming  that  the  value  most  likely 
to  occur  was  equal  to  the  mean.  Next,  upper  and  lower  values  were 
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established  by  estimating  the  limits  that  would  contain  90  percent  of 
the  actual  values.  These  limiting  values  would  necessarily  be  symmetri- 
cal  about  the  mean  for  a  normal  distribution.  Using  these  limits,  the 
standard  deviation  was  determined  using  t,;e  properties  of  the  normal  dis¬ 
tribution.  For  this  case,  the  limits  were  taken  as  1000  and  3000  psi, 
thus  resulting  in  a  standard  deviation  of  600  psi.  It  should  be  noted 
that  the  assumption  of  a  normal  distribution  for  f*  and  its  accompany¬ 
ing  values  was  arbitrarily  made.  This  was  necessary  due  to  the  lack  of 
information  concerning  the  actual  distribution  of  the  compressive 
strengths  of  brick  walls.  To  obtain  such  information  would  have  required 
an  extensive  literature  search,  which  was  beyond  the  scope  of  this  study. 
This  type  of  information,  however,  would  be  desirable  for  future  studies, 
since  the  accuracy  the  statistical  study  is  directly  dependent  upon 
the  material  properties  used. 

A  similar  procedure  was  used  to  determine  the  modulus  of  elasticity, 

.  The  modulus  of  elasticity  was  taken  as  equal  to  of/,  where  a  was 
assumed  to  be  normally  distributed  with  a  mean  of  1000  and  a  standard 
deviation  of  300  (the  5  and  95  percent  values  were  assumed  to  be  500  and 
1500,  respectively). 

The  value  of  the  unit  weight;  y,  was  taken  as  120  pcf.  It  was  not 
necessary  to  assume  a  probability  distribution  for  the  unit  weight,  since 
previous  studies  reported  in  Ref.  1  showed  that  variations  in  the  value 
have  little  effect  on  the  predicted  collapse  overpressure. 

The  results  obtained  in  the  Monte  Carlo  study  (described  in  Sec¬ 
tion  IV)  using  these  values  are  shown  in  Table  C-l.  Mean  values  and 
confidence  limits  are  given  for  the  mean,  standard  deviation,  and  the  10 
and  90  percent  probability  values  for  various  values  of  n,  the  number  of 
"samples"  (random  values)  taken.  The  values  for  the  mean  and  standard 
deviation  obtained  from  100  samples  are  12.91  psi  and  3.07  psi,  respec¬ 
tively.  In  contrast,  the  values  obtained  from  25  samples  are  12.64  and 
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3.00  psi,  which  are  within  2.1  and  2.2  percent,  respectively,  of  the 
values  from  the  100  samples.  The  corresponding  values  of  the  10  and  90 
percent  probability  values  are  8.97  and  16.85  psi  for  the  100  samples, 
and  8.80  and  16.48  psi  for  the  25  samples,  differences  of  1.9  and  2.2 
percent.  As  can  be  seen,  these  differences  are  relatively  small. 

It  remains  to  investigate  how  close  the  distribution  of  the  incipient 
collapse  overpressure  is  to  a  normal  distribution.  To  do  this,  the  cumu¬ 
lative  probability  distributions  for  both  the  100  samples  and  25  samples 
were  plotted  on  probability  paper;  these  plots  are  shown  in  Figures  C-l 
and  C-2,  respectively.  Since  the  plots  are  reasonably  close  to  a  straight 
line,  the  incipient  collapse  overpressure  approximates  a  normal  distribu¬ 
tion.  Also  shown  in  the  plots  are  the  95  percent  confidence  limits  for  the 
mean  and  for  the  10  and  90  percent  probability  values.* 

In  a  manner  similar  to  that  just  described  for  the  8-in.  thick  brick 
wall,  an  analysis  was  performed  on  seven  additional  types  of  walls  that 
were  included  in  the  field  tests  reported  in  Ref.  19.  However,  based  on 
the  small  differences  in  the  values  shown  in  Table  C-l  for  25  or  more 
samples,  only  50  samples  rather  than  100  were  used  in  the  analysis  of 
the  seven  walls. 

A  summary  of  all  eight  wall  types  analyzed  and  their  physical  proper¬ 
ties  is  given  in  Table  C-2.  Included  are  the  values  used  in  the  analysis 
for  the  mean  and  standard  deviation  of  the  compressive  strength,  f/,  and  the 
modulus  of  elasticity,  Ej .  Also,  for  case  8,  which  had  a  19  percent  window 
opening  in  the  front  wall,  mean  and  standard  deviation  values  are  given 
for  the  clearing  distance,  S,  which  is  assumed  to  be  normally  distributed. 

The  results  of  the  statistical  analyses  are  summarized  in  Table  C-3, 
and  also  shown  graphically  in  Figure  C-3.  Values  are  given  for  the  10, 

*  As  discussed  in  Section  IV,  the  confidence  limits  for  the  10  and  90 
percent  probability  values  are  somewhat  le3S  than  95  percent. 
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FIGURE  C-1  INCIPIENT  COLLAPSE  OVERPRESSURE  OF  8  IN.  BRICK  WALL 
PANEL  ON  NORMAL  PROBABILITY  PAPER  (n  =  100) 
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F-GURE  C-2  INCIPIENT  COLLAPSE  OVERPRESSURE  OF  8  IN.  BRICK  WALL 
PANEL  ON  NORMAL  PROBABILITY  PAPER  (n  =  25) 


PHYSICAL  PlfOPKIil  ll.S  OJ  HIST  WALLS 


SUMMARY  OF  STATISTICAL  ANALYSES  OF  ARCHING  WALLS 


FIGURt  C-3  STATISTICAL  ANALYSIS  OF  INCIPIENT  COLLAPSE  OVERPRESSURE 
FOR  ARCHING  WALLS 


50,  ami  90  percuni  probability  of  occurrence  Ox  the  lac ip  lent  collapse 
overpressure  of  each  of  the  eight  wells.  Also  given  are  the  confidence 
intervals  for  each  of  these  values.  The  corresponding  values  for  the 
standard  deviation  are  also  listed  in  Table  C-3. 

Based  on  the  above  analysis  of  eight  walls,  the  following  guidelines 
were  established  to  determine  the  number  of  samples  re-'  lired  to  describe 
the  parameters  of  the  assumed  normal  distribution  of  the  incipient  collapse 
overpressure  within  the  desired  degree  of  accuracy: 

1.  Minimum  sample  size,  n  =  20. 

2.  The  95  percent  confidence  limits  lor  the  sample  mean,  x,  should 
be  within  ±10  percent  of  tf. 

3.  The  95  percent  confidence  limits  for  the  sample  standard  de¬ 
viation,  s,  shoula  be  within  ±0.10  x  (10  percent  of  the  sample 
mean)  of  s  (the  upper  confidence  limit  is  the  critical  value). 
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COMPUTER  PROGRAMS 

The  computer  programs  used  in  the  dynamic  analysis  of  the  various 
two-way  action  wall  types  considered  in  this  study  consist  of  several 
routines  common  to  each  program,  linked  with  other  segments  pertaining 
to  each  specific  wall  type.  These  parts  are  organized  into  the  overall 
system  illustrated  in  Figure  D-l.  Flow  charts  of  each  of  these  subroutines 
are  given  in  Figures  D-2  through  D-8.  The  dashed  boxes  in  these  figures 
indicate  that  the  enclosed  operation  is  optional  and  is  executed  onlv  if 
certain  requirements  are  met,  e.g.,  if  the  wall  contains  windows.  The 
computer  program  is  composed  of  the  main  routine,  subroutines  TRAN'S, 

LOAD,  and  FILL,  and  the  appropriate  RESIST  subroutine  corresponding  to 
the  particular  wall  type  being  analyzed. 

The  main  routine,  shown  in  Figure  D-2,  controls  the  execution 
sequence  of  the  program,  numerically  integrates  the  equations  of  motion, 
and  performs  an  interval  halving  procedure  to  determine  the  incipient 
collapse  load.  Subroutine  RESIST,  which  is  peculiar  to  each  wall  type, 
handles  input  and  output  of  the  wall  data  and  calculates  the  appropriate 
resistance  curve  values.  It  also  provides  the  resistance-displacement 
values  required  in  the  numerical  integration  routine.  The  corresponding 
flow  charts  for  each  of  the  three  wall  types  in  this  study  are  shown  in 
Figures  D-3  through  D-5.  Subroutine  TRANS  (Figure  D-6)  calculates  the 
load  and  mass  transformation  factors  required  to  reduce  the  distributed 
mass  system  to  an  equivalent  single-degree-of-f reedom  system.  It  also 
calculates  the  coefficients  necessary  to  determine  the  dynamic  reactions. 
Subroutine  LOAD  (Figure  D-7)  handles  input  and  output  of  the  exterior 


load  data,  calculates  the  values  of  any  parameters  required,  and  pro¬ 
vides  the  load-time  values  used  in  the  numerical  integration  routine. 
The  four  loading  cases  discussed  in  Ref.  1,  plus  an  arbitrary  loading 
function,  are  available.  Subroutine  FILL  (Figure  D-8)  calculates  the 
interior  load  for  the  case  of  a  wall  containing  openings. 


FIGURE  D-1  OVERALL  ORGANIZATION  OF  COMPUTER  PROGRAMS 
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FIGURE  D-2  FLOW  CHART  OF  MA5N  ROUTINE 
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FIGURE  D-3  FLOW  CHART  OF  SUBROUTINE  RESIST 
Two-Way  Unreinforced  Wall  Without  Arching 
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FIGURE  D-3  (Concluded) 
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b.  Determine  Corresponding  One- 
Way  Resistance  Curve 


Calculate  values  defining 
resistance  curve  for  a  one-way 
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FIGURE  D-4  FLOW  CHART  OF  SUBROUTINE  RESIST 

Two-Way  Unrainforccd  Wall  Wrtitout  Arching 


FIGURE  D-4  (Concluded) 
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b.  Determine  Resistance  Curve 
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FIGURE  D-5  FLOW  CHART  OF  SUBROUTINE  RESIST 

Two-Way  Reinforced  Concrete  Wall 
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FIGURE  D~5  (Concluded) 
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FIGURE  D-7  FLOW  CHART  OF  SUBROUTINE  LOAD 
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NOMENCLATl'IlK 
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i  '.i  hi  .t  i » !  A.iii  a- i  iii  openings,  si|  ri 

i  .  \  .  iii  Mi  -  :  inn  i-oi-i  l  it*  j i*n I  foi*  clast  it-  phase  of 
i  n. -i  i\  ..ill  lm-  Support  Case  i;  subscript  v 
itiiioi .i.ill  .vith  vertical  load 

\  ii'i  .i  nl  each  Hurt  ion  of  subdivided  wall 

i  i  E  li  open  1  tigs  .  si|  It 

total  a ross  area  of  wall,  sq  ft 

A _  \r»-a  .it  window,  sq  ft 

li.  . Hv.  Moment  coeflicienl  for  elastic,  uncracked 

phase  ol  two-way  wall  for  Support  Case  i;  sub¬ 
script  v  denotes  wall  with  vertical  load 

c  Ambient  sound  velocity  ahead  ol  shock,  fps 

t\,  Pressure  coefficient',  front  lace 

('  ,t\ ,  Moment  coefficient  for  clastic,  cracked  phase 
ol  two-way  wall  for  Support  Case  i;  subscript 
v  denotes  wall  with  vertical  load  , 

C  Coil  tic  lent  rlef  ined  by  Eq .  91 

•  I  Distance  from  compression  face  to  centroid 

ol  tension  steel,  in. 

d  Distance  from  compression  face  to  centroid 

of  compression  steel,  in. 

E  Modulus  of  elasticity,  psi 

!  Energy  input  of  the  lateral  load  for  "’all 

segments  A,  (J,  C,  and  D,  in. -lb 

i. ,  Modulus  of  elasticity  of  concrete,  psi 

K,  Modulus  of  elasticity  of  rsonry,  psi 

E .  Modulus  of  elasticity  of  stool,  psi 

K*  Total  energy  Input  of  lateral  load  acting  on 

wall,  in. -lb 

l  Pm  i  stress,  psi 

Degrees  of  freedom  for  ys  distribution 

I  Dynamic  compressive  strength  of  concrete,  psi 

f,  Dynamic  yield  strength  of  reinforcing  steel, 

ns  i 

I  Ultimate  compressive  strength  of  masonry'  unit 

wall,  psi 

i_  Modulus  of  rupture  of  concrete,  psi 

I  Ultimate  strength  of  reinforcing  stool,  psi 


h„  Clearing  dimensior 

subdivided  wall  wi 

j 

1  Subscript  denoting 

waH  jl 

i 

l„,lc  Inertia  force  of  ^ 
wall,  lb  | 

I 

Ic  Moment  of  inertia; 

section,  ini/in.  j: 

I 

I  s  Moment  of  inert iaj 

section,  int/in.  j 

I 

i 

j  Subscript  denoting 

reinforced  concret 

j 

Kl  Load  factor  j 

i 

| 

KL„  Load-mass  factor  ■ 

■J 

K„  Mass  factor 

! 

I 

KE  Kinetic  energy,  lr 

i 

l  Length  to  develop; 

of  reinforcing  stc 

| 

L„  Horizontal  lengthj 

Lmw  Horizontal  length 

I 

L„  Vertical  length  (1 

j 

LvW  Vortical  length  (1 

I 

m  Mass  per  unit  are: 

M  Bending  moment  pe 

•3 

Mt ,Mb  Bending  moment  pe 

and  b  (Figure  12)', 
way  unreinforcedM 

1 

Ma,Mc  Component  of  tota 

along  the  assumed 
A  and  C  which  is” 
terior  edge  of  th 

M / jMj  Total  negative  be 

terior  odgo  of  se> 

Mc  Bending  moment  pe 

vertical  span,  in 

'.i 

Bending  moment  pe 
wall,  in. -lb/in. 

Mr  Arching  moment  pe 

of  t„-2tf  for  hoi 

‘4. 

Mj  Bonding  moment  pe 

soction  J  of  two- 
wall,  in. -lb/in.? 

■ 


Best  Available  Copy 


Clearing  dimension  for  each  portion  of  the 
subdivided  wall  with  openings,  ft  . 

Subscript  denoting  support  case  of  two-way 
wall 

Inertia  force  of  seitments  A  and  C  of  two-way 
wall,  lb 

Moment  of  inertia  per  unit  width  of  cracked 
section,  in!/in. 

Moment  of  inertia  per  unit  width  of  uncracked 
section,  in*/ in. 

Subscript  denoting  cross  section  of  two-way 
reinforced  concrete  wall 


Ma  Ultimate  momentt  capacity  per  unit  width  of 

uncracked  section,  in. -lb/in. 

M  Ultimate  moment  capacity  per  unit,  width  of 

uncracked  center  section,  in. -lb/in. 

M_ ^  Ultimate  moment  capacity  per  unit  width  of 

cracked  section,  in. -lb/in. 

Mt  Total  mass  of  wall,  lb-scc:i/ in . 

M  Ultimate  moment  capacity  per  unit  width  of 

cracked  section,  »n. -lb/in. 

Muj  Ultimate  moment  capacity  per  unit  width  of 

crackl'd  section  at  cross  section  j  of  two- 
way  reinforced  concrete  wall,  in. -lb/in. 


Load  factor 
Load-mass  factor 
Mass  factor 
Kinetic  energy,  in. -lb 

Length  to  develop  ultimate  tensile  strength 
of  reinforcing  steel  in  bond  to  concrete,  in. 

Horizontal  length  (width)  of  wall,  in. 

Horizontal  length  (width)  of  window,  in. 

Vortical  length  (height)  of  wall,  in. 

Vertical  length  (height)  of  window,  in. 

Mass  per  unit  area  of  wall,  lb-sec3/in? 

Bending  moment  per  unit  width,  in. -lb/in. 

Bending  moment  per  unit  width  at  corners  a 
and  b  (Figure  12)  of  decaying  phase  of  two- 
way  unreinforced  masonry  wall,  in. -lb/in. 


My  Arching  moment  per  unit  width  corresponding 

to  yielding  of  masonry,  in. -lb/in. 

Mj  Average  moment  resistance  per  unit  width 

along  horizontal  cracked  line  d-c  of  segment 
A  (Figure  12)  for  two-way  unreinforeed 
masonry  wall,  in. -lb/in. 

M,,  Average  moment  resistance  per  unit  width  along 

diagonal  cracks  of  segment  A  (Figure  12)  for 
two-way  unreinforeed  masonry  wall,  in. -lb/in. 

Ma  Average  moment  resistance  per  unit  width  along 

horizontal  cracked  line  d-c  of  segment  B 
(Figure  12)  for  two-way  unreinforeed  masonry 
wall,  in. -lb/ in. 

M4  Average  moment  resistance  per  unit  width  along 

diagonal  cracks  of  segment  B  (Figure  12)  for 
two-way  unreinforeed  masonry  wall,  in. -lb/in. 

n  Number  of  observations 

p  Steel  ratio,  tension  steel 

p'  Steel  ratio,  compression  steel 


Component  of  total  positive  bending  moment 
along  the  assumed  failure  lines  of  segments 
A  and  C  which  is  perpendicular  to  the  ex¬ 
terior  edge  of  the  segment,  in,-lb/in. 


Total  negative 
tcrior  edge  of 

Bending  moment 
vertical  span, 

Bending  moment 
wall,  in.-lb/i: 


bending  moment 
segments  A  and 

per  unit  width 
in. -lb/in . 

per  unit  width 


along  the  ex- 
C,  in. -lb/in. 

at  center  of 

along  edge  of 


Arching  moment  nor  unit  width  at  a  deflection 
of  t„-2tf  for  hollow  masonry  wall,  in.-lb/in. 


Pj  Steel  ratio  at  cross  section  1,  tension  stool 

p(t)  Unit  pressure  exerted  against  any  surface 
varying  with  time,  psi 

pc  Pressure  exerted  at  time  l.,  psi 

pd  Dynamic  pressure  varying  with  time,  psi 

pr  Reflected  overpressure,  psi 

ps  Incident  overpressure  varying  with  time,  psi 

p>0  Peak  incident  overpressure,  psi 

P  Probability  of  occurrence 

PA,PC  Total  lateral  load  on  segments  A  and  C,  lb 
Pt  Parameter  defined  by  Eq .  13c,  lb/in. 


Bending  moment  per  unit  width  at  cross 
section  j  of  two-way  reinforced  concrete 
wall,  in.-lb/in. 


\i:ihi«'iil  a t tnosphcr ic  pressure,  psi 

lateral  load  acting  on  wall,  lb 

lot.il  i.'i  l  leal  force  per  unit  width,  lb/ln. 

tail  resistance  for  uniformly  loaded  two-way 
•.all,  p  si 

Add i i loua 1  resistance  per  unit  area  developed 
during  el ast o-plas t ic  phase  of  two-way  rein- 
loreed  concrete  wall,  psi 


Resistance  per  unit  area  corresponding  to  zero 
deflection  for  decaying  phase  of  two-way  unre- 
inlorced  masonry  wall  without  arching,  psi 

tl  Ultimate  resistance  per  unit  area  for  elastic 

phase  ot  two-way  un reinforced  masonry  wall 
without  arching,  psi 

lltimate  resistance  per  unit  area  for  plastic 
phase  of  two-way  reinforced  concrete  wall,  psi 

ila  lies i stance  per  unit  area  for  two-way  wall  with 

windows,  psi 

t|,  Maximum  resistance  per  unit  area  for  initial 

portion  of  elastic  phase  of  two-way  unrein¬ 
forced  masonry  wall  without  arching  fixed  on 
two  or  more  edges,  psi 

Maximum  resistance  per  unit  area  for  elastic, 
uncracked  phase  of  two-way  reinforced  concrete 
wall ,  psi 

<i„  Maximum  resistance  per  unit  area  for  decaying 

phase  of  two-way  unreinforced  masonry  wall 
without  arching,  psi 

Maximum  resistance  per  unit  area  for  elastic, 
cracked  phase  of  t.o-way  reinforced  concrete 
wall,  psi 

,Q,  Total  resistance  of  segments  A  and  C,  lb 
y.  Total  resistance  of  uniformly  loaded  wall,  lb 

s  Standard  deviation  of  sample 


S  Clearing  distance,  ft 

Total  shear  along  edge  of  segment,  lb 

S  '  Weighted  average  clearing  distance  of  front 

face  of  wall  with  openings,  ft 


t  Time,  sec 

Statistical  quantity  defined  by  Eq .  Ill 
t.  Clearing  time,  front  face,  see 

t,  Flange  thickness  of  hollow  masonry  block,  in, 

t  Duration  of  positive  overpressure,  sec 

i  Duration  of  positive  dynamic  pressure,  sec 


i  Thickness  of  wall,  in. 


u 

Standardized  nor 
defined  by  Eq.  1 

uj 

Ultimate  avorago 
length  of  reinfo 

v„ 

Total  reaction  a 
way  wall,  lb 

Vv 

Total  reaction  a 
way  wall,  lb 

w 

Weapon  yield,  kt 
Weight  of  wall  pi 

.WD  Work  done  by  res; 
segments  A,  B,  Cj 

Total  work  done  t 
the  wall,  in. -lb: 

| 

X 

Horizontal  distar 

X 

Mean  value  of  san 
Horizontal  dlstan 
center  of  g-avitj 
segment,  in.  j 

x' 

Horizontal  distal] 
centroid  of  later 

y 

Lateral  dofloctic 

by 

Additional  deflec 
during  elasto-pla 
concrete  wall,  in 

y 

Velocity,  in. /sec 

y.»c 

Average  dofloctib 
| 

yc 

l 

Lateral  defloctiij 

y. 

Deflection  of  eqi! 
freedom  system,  1 

y« 

Velocity  of  equli 
freedom  system,  1 

(1 

yf 

Lateral  deflectid 

yfv 

Lateral  dcflectid 
inforccd  concrete 
bility  resulting:; 

yu 

f 

Maximum  deflect io 
way  unreinforced  ! 
arching,  in.  j 
Deflection  at  ul< 
reinforced  concrC 

yy 

Lateral  deflec  tic 
of  masonry  durin| 

ailable  Copy 


Standardized  normal  distribution  variable 
defined  by  Eq.  108 

Ultimate  average  bond  strength  per  in.  of 
length  of  reinforcing  bar,  lb/in. 

Total  reaction  along  horizontal  edge  of  two- 
way  wall ,  lb 

Total  reaction  along  vortical  edge  of  two- 
way  wall,  lb 

Weapon  yield,  kt 

Weight  of  wall  per  unit  width,  lb/in. 

Work  done  by  resisting  moment  on  wall 
segments  A,  B,  C,  and  D,  in. -lb 

Total  work  done  by  the  resisting  moment  on 
the  wall,  in. -lb 

Horizontal  distance  along  wall,  in. 

Mean  value  of  sample 

Horizontal  distance  from  edge  of  wall  to 
center  of  gravity  of  inertia  force  on 
segment,  in. 

Horizontal  distance  from  edge  of  wall  to 
centroid  of  lateral  load  on  segment,  in. 

Lateral  deflection  of  wall,  in. 

Additional  deflection  at  center  of  wall 
during  clasto-plastic  phase  of  reinforced 
concrete  wall,  in. 

Velocity,  in. /sec 

Average  deflection  along  yield  lines,  in. 

Lateral  deflection  at  center  of  wall,  in. 

Deflection  of  equivalent  single  degroe-of- 
frccdom  system,  in. 

Velocity  of  equivalent  single  dogree-of- 
froedom  system,  in. /sec 

Lateral  deflection  at  collapse  of  wall,  in. 

Lateral  deflection  at  which  collapse  of  re¬ 
inforced  concrete  wall  occurs  due  to  insta¬ 
bility  resulting  from  vertical  load,  in. 

Maximum  deflection  for  elastic  phase  of  two- 
way  unroinforced  masonry  wall  without 
arching,  in. 

Deflection  at  ultimate  resistance  of  two-way 
reinforced  concrete  wall,  in. 


y:  Maximum  deflection  for  initial  portion  of 

elastic  phase  of  two-way  unreinforced  masonry 
wall  without  arching  fixed  on  two  or  more 
edges,  in. 

Maximum  deflection  for  clastic,  uncracked 
phase  of  two-way  reinforced  concrete  wall,  in. 

y2  Deflection  at  maximum  resistance  in  decaying 

phase  of  two-way  unreinforced  masonry  wall 
without  arching  in. 

Maximum  deflection  for  elastic,  cracked  phase 
of  two-way  reinforced  concrete  wall  fixed  on 
two  or  more  edges,  in. 

z  Vertical  distance  along  wall,  in. 

z.  Vortical  distance  from  edge  of  wall  to  center 

of  gravity  of  inertia  force  on  segment,  in. 

z'  Vertical  distance  from  edge  of  wall  to 

centroid  of  lateral  load  on  segment,  in. 

a  Distance  defining  location  of  yield  lines  for 

two-way  wall  with  windows  (Figure  23),  in. 
Coefficient  relating  compressive  strength  and 
modulus  of  elasticity  of  masonry 

(3  Coefficient  defining  location  of  yield  lines 

Y  Unit  weight,  pcf 

Y,  Parameter  defined  by  Eq.  13a 

Yj,Ys  Parameters  defined  by  Eqs.  74a  and  74b 

6„  Sub-area  clearing  factor  for  wall  with 

openings 

e.u  Ultimate  strain  in  tension  steel,  in. /in, 

Tl,  Parameter  defined  by  Eq .  13b 

0A . . .  90  Angle  of  rotation  of  wall  segments  A,  B,  C, 
and  D,  radians 

>,  Portion  of  wall  height  above  the  cracked 

section  for  two-way  wall 

|i  Ductility  factor,  ratio  of  maximum  deflec¬ 

tion  to  deflection  at  yield 

v  Poisson's  ratio 

E  Mean  value  of  total  population 

c  Standard  deviation  of  total  population 

X3  Statistical  distribution  function 


Lateral  deflection  corresponding  to  yielding 
of  masonry  during  arching,  in. 
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'  The  objective  of  this-  investigation  was  to  develop  an  evaluation  procedure 
applicable  to  existing  NFSS-type  structures  and  private  homes  for  determining  the 
blast  protection  afforded  and  the  cost  of  structure  modifications  to  improve  the 
blast  protection.  The  approach  adopted  was  to  formulate  a  procedure  that  would 
permit  examining  the  response  of  a  structure  o' er  a  range  of  incident  overpressure 
levels  to  determine  the  pressure  at  which  failure  of  the  various  elements  occurs. 

Past  efforts  in  this  program  have  been  concerned  with  examining  exterior  walls, 
window  glass,  and  steel  frame  connections.  The  phase  of  the  work  presented  in  this 
report  extended  the  exterior  wall  response  models  previously  developed  by  including 
exterior  walls  with  two-way  action  and  window  openings  The  evaluation  procedure 
was  also  extended  to  include  a  probability  distribution  for  each  of  the  various 
"unknown"  wall  and  load  parameters.  Using  the  wall  evaluation  procedure,  a  limited 
sensitivity  analysis  was  performed  and  a  comparison  was  made  of  the  available  ex¬ 
perimental  information  on  dynamically  loaded  wall  elements  with  theoretical  pre- 
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dictions . 
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